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Sports Medicine and Physical Fitness has been a successful Special Issue, which addressed novel
topics in any subject related to sports medicine, physical fitness, and human movement. The article
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one brief report. These encompassed a broad range of topics ranging from accident kinematics,
soccer monitoring, children’s physical evaluation, adapted physical activity, physical evaluation for
people with intellectual disabilities, performance analysis in rowers, ultramarathon racers, karateka’s,
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biomechanics, fatigue and injury prevention in racing motorcycle riders, gymnasts and cyclists.

These scientific contributions within the field of Sports Medicine and Physical Fitness broaden
the understanding of specific aspects of each analyzed discipline.
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Environmental Research and Public Health.
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Abstract: Impaired flow mediated dilation (FMD), an index of vascular stress, is known after SCUBA
diving. This is related to a dysfunction of nitric oxide (NO) availability and a disturbance of the
redox status, possibly induced by hyperoxic/hyperbaric gas breathing. SCUBA diving is usually
performed with a mask only covering “half face” (HF) and therefore forcing oral breathing. Nasal
NO production is involved in vascular homeostasis and, as consequence, can significantly reduce
NO possibly promoting vascular dysfunction. More recently, the utilization of “full-face” (FF) mask,
allowing nasal breathing, became more frequent, but no reports are available describing their effects
on vascular functions in comparison with HF masks. In this study we assessed and compared the
effects of a standard shallow dive (20 min at 10 m) wearing either FF or a HF mask on different
markers of vascular function (FMD), oxidative stress (ROS, 8-iso-PGF2«) and NO availability and
metabolism (NO,, NOx and 3-NT and iNOS expression). Data from a dive breathing a hypoxic
(16% O, at depth) gas mixture with HF mask are shown allowing hyperoxic/hypoxic exposure. Our
data suggest that nasal breathing might significantly reduce the occurrence of vascular dysfunction
possibly due to better maintenance of NO production and bioavailability, resulting in a better ability
to counter reactive oxygen and nitrogen species. Besides the obvious outcomes in terms of SCUBA
diving safety, our data permit a better understanding of the effects of oxygen concentrations, either in
normal conditions or as a strategy to induce selected responses in health and disease.

Keywords: hypoxia; hyperoxia; hyperbaric breathing; nitric oxide; vascular reactions; breathing;
extreme environments

1. Introduction

Recreational SCUBA (self-contained underwater breathing apparatus) diving is con-
sidered a safe leisure activity. However, it is known to induce (generally mild) adaptive
responses potentially interfering with different physiological pathways, some of them
being possibly harmful. When SCUBA divers stay at depth, they are exposed to inert gas
supersaturation that may be translated into vascular gas emboli (VGE) during and follow-
ing ascent while decompressing [1]. Although decompression-induced bubble formation is
a pivotal event in decompression sickness (DCS), the exact pathophysiological mechanisms
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linking VGE to DCS are still unclear; however, both are linked and evidently related to
ambient pressure drop.

Changes in flow mediated dilation (FMD), a sensitive marker of a physiological
response of the vascular system, has been repeatedly reported to occur after diving, sug-
gesting vascular dysfunction of large conductance arteries [2-4]. This dysfunction, which
is usually recovered to normality a few hours after surfacing, is however to be considered
an index of vascular stress. More recently, diving has been reported to induce a response
extended to the microvascular endothelium [2] and to the macro and microvascular smooth
muscle [2,5]. The predive administration of bioactive molecules belonging to a very large
family known as polyphenols and frequently reported as having a putative “antioxidant
capacity” have been reported to partially prevent postdive alterations of FMD [6-8], sug-
gesting the implication of an oxidative stress in this response. Indeed, impaired FMD [4,9]
and increased oxidative stress [7,10] were also reported postdive even in the absence of
VGE, suggesting that the organism casts out a physiological response to high oxygen, which
does not necessarily result in a clinically relevant dysfunction. It seems also plausible that
other factors contribute to postdive alteration of vascular function [11]. For instance, it has
been shown that circulating bubbles can lead to vascular dysfunction [12] either by a direct
“mechanical” contact between circulating bubbles and endothelial cells [13,14] or by an
uncontrolled activation of the coagulation cascade [15-17], or by a combination of these
two mechanisms. Activation of haemostatic pathways contributes to the postdive increase
of circulating microparticles, which in turn leads to leukocytes activation [18,19] and their
adhesion to the endothelium [20].

For several years, preconditioning strategies to reduce this “decompression stress”
have been considered and investigated [21]. Nutritional strategies with polyphenols-rich
food supplementation (dark chocolate and red orange complex or vitamin C, to name a few)
have been shown to reduce vascular dysfunction [8,22]. Physical interventions (predive
vibration, oxygen breathing, exercise, sauna) appear capable in limiting the generation of
VGE after a dive through the reduction of pre-existing gas micronuclei [21]. Two decades
ago, specific attention and focus was given to nasal breathing and vascular dysfunction.
In fact, nitric oxide production by the nasal fossae and sinuses mucosae is an important
variable involved in vascular homeostasis and, as a consequence, oral breathing can signifi-
cantly reduce circulating nitric oxide (NO), possibly promoting vascular dysfunction [23].
Some specific abnormalities can interfere with normal NO production by the nasal mucosae
and a lead to discomfort or even some surgical interventions; none of our subjects declared
such abnormalities [24,25] during the eligibility discussion.

In this study we aimed to investigate the role of nasal breathing on vascular function
occurring after diving, starting from the observation that all previously available studies
in diving have been conducted using oral breathing, with conventional “half-face” masks,
and none utilizing nasal breathing by means of the so-called “full-face” masks. To limit
confounding factors, we specifically planned an experimental design based on a known
“bubble free” dive profile.

2. Materials and Methods
2.1. Experimental Protocol

After written informed consent, 16 (6 females and 10 males) (Figure 1) healthy non-
smoking divers (minimum certification “Autonomous Divers” according to European
norm EN 14153-2 or ISO 24801-2 with at least 50 logged dives) volunteered for this study.
None of them had a history of previous cardiac abnormalities or were under any cardio- or
vaso-active medication. They were selected from a large population of divers in order to
have a homogenous sample: aged 44.7 £ 12.4 years old (mean £ SD); height 173 & 6.6 cm;
weight 75.2 - 13.7 kg.
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Enrollment

Assessment of eligibility and invitation to participate (n=16)

\ 4

Obtain informed consent for :
. Full-Face mask (FF) dive and Half-Face mask (HF) dive (n=16)
*  Hypoxia Half-Face mask dive (hypoxia HF, n=5)
. Flow Mediated Dilation measurements (FMD, n=16)
. Venous blood collection and urine (n = 8)

Allocation

4

Allocated to FF and HF Allocated to Hypoxia HF group
group (n=16) (n=5)

Follow-up

Preliminary test at baseline
*+  FMD (n=16)
*  Venous blood samples and urine (n = 8)

A 4

3 different dives (one week apart) 10 meters depth, 20 minutes

A 4

Test 30 minutes after diving (T0)

FMD (n=16)
Venous blood samples and urine (n = 8)

v

Test 3 hours after diving (T1)

FMD (n=16)
. Venous blood samples and urine (n = 8)

Figure 1. Flowchart of the experimental protocol.

All experimental procedures were conducted in accordance with the Declaration
of Helsinki [26] and approved by the Ethics Committee approval from the Bio-Ethical
Committee for Research and Higher Education, Brussels (N° B200-2020-088).

Participants were prospectively randomized into two groups of 8 persons each. They
were assigned to either “full-face mask” (Ocean Reef, Neptune Space G-Divers IDM mask,
see Figure 2) or “half-face” (usual diving mask, see Figure 2) mask group for the first
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dive, and vice versa for the second one, making each diver his own control. Another
specific experiment was also performed (n = 5) using a usual diving mask but breathing a
gas mixture corresponding to 16% of oxygen at depth, to reduce oxygen reactive species
inhalation. This mixture was a hypoxic trimix composed of 8% oxygen mixed with helium
and nitrogen (Trimix); this mixture, being hypoxic at surface, can only be breathed at depth,
the divers were using air during their descent and their ascent, these two portions of the
dive took around one minute each, the slightly hypoxic breathing took 20 min.

p=0,0001
NS

:

p=0,009
e  P<D0001 NS

-

—_

o
1

8
1

FMD Change after a dive
s
1

S

Figure 2. Flow mediated dilation (FMD) changes after a dive (10 m for 20 min) either wearing a
full-face mask or a classical “half-face” diving mask (n = 16). In hypoxic dives (n = 5), subjects
were breathing a gas mixture providing 0.16 ATA of PO, at depth. FMD changes are expressed
as % of predive values, every diver acting as his own control. Results are expressed as percentage
(mean =+ SD); NS = nonsignificant.

All dives were performed in a pool environment dedicated to SCUBA diving (NEMO 33,
Brussels, Belgium). The dive profile was specifically chosen to avoid any bubble formation
(10 m depth, 20 min). Indeed, this dive does not require any decompression procedure as
for every decompression table actually accepted the no-decompression time for a depth
of 10 m is far over 200 min. To be sure, we chose 10 times less. Additionally, the postdive
bubble measurements as previously reported were “no-bubble” using the same bubble
measurements protocol performed by our group, see Balestra et al. 2016 [27].

However, divers were submitted to a significant oxidative stress in order to interfere
with the endothelial function since at that depth, oxygen inspired fraction is close to 40%
(0.4 PO, £ 300 mmHg).

2.2. Flow Mediated Dilation (FMD)

FMD, an established measure of the endothelium-dependent vasodilation mediated
by nitric oxide (NO) [28], was used to assess the effect of diving on main conduit arteries.
Subjects were at rest for 15 min in a supine position before the measurements were taken;
they were asked not to drink caffeinated beverages for 6 h preceding measurements.
Subjects were instructed not to perform strenuous physical exercise 24 h before or stay in
altitude up to 2 weeks before and during the entire study protocol. Brachial artery diameter
was measured by means of a 5.0-10.0 MHz linear transducer using a Mindray DP-30 digital
diagnostic ultrasound system immediately before and 1 min after a 5 min ischemia induced
by inflating a cuff placed on the forearm to 180 mmHg, as described previously [29].
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All ultrasound assessments were performed by an experienced operator with more
than 100 scans/year, which is recommended to maintain competency with the FMD
method [30].

When the images were chosen for analysis, the boundaries for diameter measurement
were identified manually with an electronic caliper (provided by the ultrasonography
software) in a threefold repetition pattern to calculate the mean value. In our laboratory,
the mean intra observer variability for FMD measurement for the operator (KL) recorded
the same day, on the same site and on the same subject, was 1.2 + 0.2%.

Post-dive values were obtained 20-30 min after surfacing. FMD was calculated as the
percent increase in arterial diameter from the resting state to maximal dilation.

2.3. Venous Blood Samples and Urine

Among the 16 participants, 8 accepted venous blood collection. Venous blood samples
were collected at baseline (before diving), 30 min (T0) and 3 h (T1) after diving. Fifteen
milliliters of blood were collected in EDTA and heparinized vacutainer tubes for separation
of plasma. Urine was collected by voluntary voiding in a sterile container and stored in
multiple aliquots at —20 °C. All samples were stored in multiple aliquots at —80 °C until
assayed and performed within one month from the collection.

2.4. Blood Sample Analysis
2.4.1. ROS Production

EPR, X-band instrument (E-Scan—Bruker BioSpin, GmbH, Ettlingen, Germany) was adopted.
ROS production rate was determined by means of a well-consolidated method in blood [31-34].
Spin probe, CMH (1-hydroxy-3-methox-ycarbonyl-2,2,5,5-tetramethylpyrrolidine) was used for
determination, and stable radical CP- (3-Carboxy2,2,5,5-tetramethyl-1-pyrrolidinyloxy) was
used as external reference to convert ROS determinations in absolute quantitative val-
ues (umol-min—1). Samples were stabilized at 37 °C by “Bio III” controller unit, interfaced
to the spectrometer.

2.4.2. 8-Isoprostane

Lipid peroxidation was assessed in urine by competitive immunoassay (Cayman
Chemical, Ann Arbor, MI, USA) measuring 8-isoprostane (8-iso-PGF2x) concentration
following the manufacturer’s recommendations. The 8-iso-PGF2« concentrations were
determined using a standard curve. Samples and standards were spectrophotometrically
read at a wavelength of 412 nm.

2.4.3. Nitric Oxide Metabolites (NOx)

NOx concentrations were determined for urine via a colorimetric method based on
the Griess reaction, using a commercial kit (Cayman Chemical, Ann Arbor, MI, USA) as
previously described [35,36]. Samples were spectrophotometrically read at 545 nm.

2.4.4. Inducible Nitric Oxide Synthase (iNOS)

To assess inducible nitric oxide synthase (iNOS) expression in plasma, a human
NO2/iNOS ELISA kit (catalog number EH0556; FineTest, Wuhan, China) was used. This as-
say was based on sandwich enzyme-linked immune-sorbent assay technology. NOS2 /iNOS
protein synthesis was determined using a standard curve.

2.4.5. Nitrotyrosine (3-NT)

The concentration of 3-NT on plasma was measured by competitive-ELISA method,
using an assay kit (catalog number EU2560; FineTest, Wuhan, China). The analysis was
carried out in accordance with the manufacturer’s instructions, and the 3-NT concentration
was measured spectrophotometrically at a wavelength of 450 nm by comparing the sample
OD (optical density) to a standard curve.
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All the samples and standards were read by a microplate reader spectrophotometer
(Infinite M200, Tecan Group Ltd., Madnnedorf, Switzerland). The determinations were
assessed in duplicate, and the interassay coefficient of variation was in the range indicated
by the manufacturer.

2.5. Statistical Analysis

Normality of data was performed by means of Shapiro-Wilk or D’ Agostino—Pearson
tests. When a Gaussian distribution was assumed, data were analyzed with a one-way
ANOVA for repeated measures with Dunnett’s post hoc test; when comparisons were
limited to two samples, a paired or nonpaired t-test was applied. If the Gaussian dis-
tribution was not assumed, the analysis was performed by means of a nonparametric
multiple comparisons Dunn’s test. Taking the baseline measures as 100% (percentage or
fold change), changes were calculated for each diving protocol, allowing an appreciation
of the magnitude of change rather than the absolute values. All statistical tests were per-
formed using a standard computer statistical package, GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA, USA). A threshold of p < 0.05 was consid-
ered statistically significant. All data are presented as mean =+ standard deviation (SD).
Sample size was calculated by setting the power of the study at 95% and assuming that
variables associated with diving would have been affected on a similar extent than that
observed in our previous studies [10].

3. Results
3.1. Nasal-Oral Breathing by Wearing a Full-Face Mask and Breathing a Hypoxic Air Mixture
Prevents FMD Reduction after a Shallow Dive, in Comparison to a Half-Face Mask

We previously demonstrated that diving is associated with a significant reduction
of NO-related endothelial function of large arteries, and that predive administration of
polyphenol-rich food items (chocolate) or plant extract from red orange significantly coun-
ters this response [8,22]. The utilization of full-face masks during SCUBA diving allows
breathing through the nose, which is a confirmed physiological strategy to increase circu-
lating NO [8], therefore potentially modulating the effects of diving on FMD. Accordingly,
FMD variation values were 102 £ 6.7% (p = 0.168, NS = nonsignificant) and 94.3 £ 3.6%
(p < 0.0001) when utilizing a full-face mask and a half-face mask (regular mask), the differ-
ence between both conditions being highly significant (p = 0.001) (Figure 2). FMD returned
to normal values 3 h after half mask exposure and remained stable after full-face exposure;
these values were, respectively, 100.6 £ 2.5% and 100.2 £ 2.8%.

The hypoxic dive experiment was performed on 5 subjects (4 male and 1 female) out
of the divers that already performed the set of dives described above, using a regular
(half-face) mask (and therefore breathing only orally). This experiment would let the
diver breath at depth a hypoxic mixture (FiO, of 8% corresponding to a PO, of 0.16 ATA)
corresponding to 16% of oxygen at surface, thus reducing the absolute inspired pressure of
oxygen, significantly reducing, in theory, the oxidative stress associated with high oxygen.

In this case, we observed no difference in postdive FMD variations in subjects with a
half-face mask (breathing hypoxic mixture at depth) directly postdive 99.6 £ 3.6 %, after
30 min (98.8 £ 0.7% relative to predive values), neither after 3 h (99.6 & 0.6%). Comparing
this with the significant difference observed in the same subjects when in hyperoxic condi-
tions (half-face mask, breathing air at depth, 0.42 atmospheres inspired oxygen pressure)
(94.3 £ 3.6%), it can be concluded that breathing a hypoxic air mixture does not induce a
significant decrease of FMD potentially associated with vascular dysfunction, even in oral
breathing conditions (Figure 2).

3.2. ROS Production and Lipid Peroxidation

In association to a shallow dive, independent of the mask worn and the air mixture,
ROS production, assessed by means of the EPR detection of the Spin probe CMH, was signif-
icantly increased on return to the surface (T0). ROS production increased from 0.16 =+ 0.01
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t0 0.19 + 0.01 umol-min~! and from 0.16 + 0.01 to 0.20 + 0.01 pmol-min~! when wearing
a full-face mask and a half-face device, respectively. Breathing a hypoxic mixture utiliz-
ing a half mask, ROS production increased from 0.16 & 0.01 to 0.21 + 0.01 pmol-min !
(Figure 3A). In all cases, a trend to a recovery to the predive value was observed at T1
corresponding to 3 h from surface, without reaching a significant level within the short
window of experimental time.
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Figure 3. Panels show the histogram plot (mean =+ SD) of (A) ROS production (EPR), and (B) 8-iso
PGF2-« concentration (ELISA). * p < 0.05, ** p < 0.01, ** p < 0.001 significant difference.

Similarly (Figure 3B), the concentration of 8-iso PGF2-«, a marker of lipid peroxidation,
was significantly increased after the dive session wearing a half-face mask. When breathing
atmospheric air, values increased from 351.10 = 36.35 to 473.40 + 90.06 pg-mg ! creatinine,
returning to 364.90 + 84.50 pg-mg~! creatinine within the experimental window of time.
A significant increase (331.90 & 34.16 vs. 430.0 & 37.35 pg-mg~! creatinine) associated
with a shallow dive was also observed when subjects were submitted to hypoxia while
wearing a HF device. Additionally, in this case we observed a trend toward recovery after
3 h from surfacing (363.50 + 54.80 pg-mg~! creatinine), which was not significant within
the observation window of time. On the other hand, no significant changes were observed
when wearing a full-face mask.

3.3. Nitric Oxide Synthase and Nitric Oxide Metabolites

As mentioned in the introduction, oral breathing can significantly reduce circulating
nitric oxide (NO), possibly promoting in turn the basis for an endothelial dysfunction [8].
Considering the observed decrease of nitrotyrosine levels when wearing either the full-face
or the half-face mask (Figure 4C), we sought to assess the presence of a parallel modulation
of nitric oxide metabolites and of nitric oxide synthase activity.

We observed a significant modulation of both nitric oxide metabolites (NOx) and, more
specifically NO, levels, only in subjects wearing the half-face mask but not the full-face
mask. Similarly, a shallow dive performed while breathing a hypoxic mixture was not
associated with significant changes in NOx and NO; levels. The time after surface was not
associated with significant changes of both NOx and NO,, within the temporal window of
time considered (Figure 4A,B).

Plasma levels of nitrotyrosine, a product of tyrosine nitration mediated by reactive
nitrogen species such as peroxynitrites and nitrogen dioxide and therefore identified as a
marker of cell damage and inflammation, significantly decreased at the end of a shallow
dive both when wearing a full-face and a half-face mask. At 3 h from surface there was still
no full recovery to baseline values except during hypoxic breathing, when no significant
changes were observed (Figure 4C).
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Figure 4. Panels show the histogram plot (mean + SD) of (A) NO metabolites (NOx) (ELISA),
(B) nitrite (NO,) (ELISA), (C) nitrotyrosine (3-NT) (ELISA) and (D) inducible nitric oxide synthase
(iNOS) (ELISA). * p < 0.05, ** p < 0.01 significant difference.

Interestingly, we observed no significant variations in the activity of iNOS, the in-
ducible form of nitric oxide synthase, in association with a shallow dive performed by
utilizing both the half- and the full-face mask. On the other hand, and somehow sur-
prisingly, we observed a significant increase of iNOS activity at the surface, which is not
attributable to a positive transcriptional regulation, being the diving time too short to justify
a de novo synthesis. In all cases, no significant variations of iNOS activity were observed at
3 h from surfacing (Figure 4D).

4. Discussion

As a preliminary tenet to the discussion of our results, it is important to remark that we
do not attribute a necessary negative value to alteration specific biochemical/physiological
parameters, characterized by the involvement of a huge number of variables and homeo-
static switches. These should be, at least initially, considered and interpreted as “response”
and not as “biomarkers for an occurring damage”.

This is the case of the transient significant decrease of FMD observed after a SCUBA
dive and, in particular, when performed while wearing a mask that allows breathing
only through the mouth. Therefore, rather, we have utilized this parameter as a sensitive
indication for a different physiological response to high oxygen breathing performed
according to two different experimental modalities.

Sex differences in endothelial functions, and therefore on FMD response, have been re-
ported and considered a confounding variable that amplify the within-group variability [37].
However, the number of subjects enrolled in the study was based on the variability ob-
served in previous studies from our laboratory and others. We assumed a similar effect on
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FMD response after diving (roughly 5-7%), which is indeed comparable with a commonly
accepted span observed in a specific sex group.

Newly published data indicate that FMD variations can be related to circulating
microparticles [35], which were not considered in the study reported herein. FMD after
hypoxic breathing showed a trend to increase, therefore suggesting that the influence of
hypoxia-triggered microparticle formation is limited in our setting and, possibly, a greater
influence of inspired NO.

Our results on FMD variation after a dive that was not prone to produce bubbles are
comparable to previously published data from our group and others, although bubbles
have been occasionally observed within different experimental settings [2,5,37]. Interest-
ingly, previous studies have also demonstrated the occurrence of endothelial dysfunction
after breath-hold diving [9,36,38]. This effect was prevented by nutritional supplementation
of molecules putatively having either an antioxidant activity or affecting endogenous ma-
chinery involved in redox regulation [9,10,38]. These observations suggest that the effects
of diving on FMD are possibly due to a decrease of NO generation or bioavailability [38,39].
It is plausible that an exceeding generation of reactive species could interact with NO,
subtracting it to the vascular function and increasing the condition of oxidative stress
induced by the increased partial pressure of oxygen at depth. This situation is present
in SCUBA divers and breath-hold divers, but slightly different mechanisms are involved.
Noteworthy, several studies have already addressed the effect of restricting breathing by
mouth on respiratory and cardiovascular parameters, NO production and metabolism
at surface, not associated with underwater diving or, generally, to either hyperoxia or
hyperbaric oxygen exposure, suggesting that nasal breathing plays an important role in
vascular performances [40,41].

After a shallow dive, we observed a significant increase of ROS generation in all con-
ditions tested, eventually returning at baseline levels at 3 h from reaching the surface (T1).
An increase of ROS generation is less expected after hypoxia, however; this observation
is in agreement with several previous studies indicating that low oxygen concentration
induces dysregulation of cellular oxygen metabolism and increased generation of ROS and
8-iso PGF2-« [42,43] in nonadapted subjects. However, these acute variations of oxidative
status seem not to remain for long and return back to baseline within three hours (T1), after
all exposures of diving-associated hyperoxia.

In agreement with the hypothesis described above, both hyperoxic and hypoxic
exposure have been reported to induce an increase of oxidative stress [42]. ROS production
significantly increased in all experimental conditions. The lesser increase observed in dives
with a full-face mask (+15%) with respect to the half-face mask (+25%) and hypoxia wearing
a half-face mask (+31%). This observation supports the hypothesis that nasal breathing,
inducing NO production, could counteract ROS oxidative stress (Figure 3). Accordingly,
we observed a significant increase of the marker of lipid peroxidation 8-iso PGF2-« when
diving was performed using the classical half-face mask, both breathing hyperoxic or
hypoxic mixture at depth but not when wearing a full-face device.

It has been previously reported [44], that high levels of oxygen breathing acutely
alter NOS-dependent NO generation in healthy subjects. In our study, we observed a
significant reduction in plasmatic levels of NO metabolites (NOx and NO,, respectively,
in Figure 4A,B), which are widely accepted as markers of systemic NO generation. This
reduction was evident and more pronounced in subjects wearing the half mask than in
those utilizing the full-face device (—37 vs. —17% respectively). This difference confirms
that nasal breathing hinders, at least in part, the impairment of NO availability, possibly
due to the interaction with ROS, thus preventing endothelial dysfunction as measured by
FMD [38].

A dive session performed at 10 m and lasting 20 min was not associated with any
significant variation of iNOS activity when the subjects were wearing either a full-face mask
or a half-face mask. Conversely, when the dive was conducted in slightly hypoxic conditions
(16% oxygen at depth), wearing a classical half-face mask, we observed an increase of iNOS
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expression and activity, suggesting hypoxia and not hyperbaria is the factor inducing
the upregulation of iNOS expression. This result is in agreement with previous studies
showing that oxygen deprivation results in a significant increased expression of iNOS due
to the activation of the nuclear transcription factor kappa B (NF-«B) [45,46]. Two points
remain open to further investigation: first is in the extreme rapidity of iNOS induction in
our experimental condition [47]. The second is that the increase of iNOS after hypoxia is
not accompanied by an increase of NO metabolites. We hypothesized that the hyperoxic
breathing during diving associated with an increase of ROS generation might have led to a
decrease of NO availability and therefore to a decrease of circulating NOx [48].

It is well known that NO production at vascular level relies on two different mecha-
nisms: an inducible synthase (iNOS) expressed upon the activation of a specific set of redox
sensitive transcription factors, NF-kB possibly being the most important, and a constitu-
tive one, the endothelial form eNOS, mainly regulated by Ca availability. We previously
reported that variations of the composition and pressure of air breath are associated with
a specific pattern of activation of oxygen-sensing transcription factors, including NF-«B,
NREF2 and HIF [49]. In the present study, targeting the effect of nasal breathing on NO pro-
duction as related to oxidative stress due to increased oxygen partial pressure, we focused
our attention on the inducible form, but we also did not exclude that eNOS activity could
be affected by a temporary alteration of intracellular Ca availability from the endoplasmic
reticulum [50]. iNOS expression after a dive performed while breathing a hypoxic air
mixture and wearing a mask that only allows mouth breathing can be due to the activation
of NF-kB transcription factor, as confirmed by several publications [51]. Conversely, in
the presence of basic hyperoxia, a more complex response, including a Ca release from
endoplasmic reticulum, is likely to occur [52].

Accordingly, we observed a decrease of 3-NT in hyperoxia, irrespective if breathing
through a half-face or a full-face mask, but not in hypoxia. Peroxidative nitration by
nitrite and HyO, forms 3-NT [53,54], which, in turn, needs superoxide ion to be produced.
Lower 3-NT levels can be directly associated with the decreased nitrite level observed
while wearing half-face mask and possibly lower ROS levels observed while wearing a
full-face mask.

An increase of 3-NT levels is usually interpreted as an index of redox imbalance.
In fact, 3-NT is a product of tyrosine nitration mediated by reactive nitrogen species. In our
experimental conditions, we observed a decrease of NO metabolites (Figure 4A,B) in divers
breathing from mouth only and no significant variations when using a full-face mask or
in hypoxic conditions. Therefore, we can speculate that nitrotyrosine, which is formed in
the presence of peroxynitrite, mainly generated following the reaction between NO and
superoxide, are reduced accordingly. The increase of ROS generation assessed by means of
EPR technology does not allow discrimination between different reactive oxygen species.
As also mentioned above, we hypothesize that the predominant species are superoxide in
hyperoxia and hydroxyl radical during hypoxia, due to metabolic production [54].

In our experimental setting, we acknowledge a ROS increase regardless of oxygen
exposure. Nevertheless, we can hypothesize that the amount of ROS produced during
the hypoxic period would mainly originate from metabolism, since exogenous oxygen
is reduced. In this perspective, we can assume that a relatively higher superoxide ion
generation occurs during hyperoxia and more hydroxyl radicals during hypoxia, due to
metabolic production [54]. This will result in an increase of 3-NT during hyperoxic periods
but not during hypoxia (Figure 4C). Moreover, 8-iso PGF2-« is increased during hypoxia
and during hyperoxic oral breathing (HF-mask) marking increased lipid peroxidation,
which depends more on the availability of hydroxyl radicals. During HF hyperoxic breath-
ing, the increased isoprostane can be due to the higher generation of ROS concomitantly
demonstrated by the increased lipid peroxidation associated with NOx and NO, reduction.

As mentioned, hyperoxic breathing is likely to be associated with an increase in ROS
and, therefore, the reduction in NO bioavailability is probably due to the formation of
superoxide, which reacts with NO to form peroxynitrite, which in turn, nitrates proteins to
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form 3-NT. However, our previous studies indicate that peroxynitrite reaction associated
with diving does not always follow the expected pattern [9,22]. Accordingly, other re-
searchers found a similar pattern of NOx levels in blood samples obtained both underwater
and after diving [55]. These observations highlight the evidence that other “actors” and
mechanisms are involved in NO metabolism under modified oxygen concentration and
under an altered respiratory pattern.

It should also be noted that any organism’s response to a stimulus (in this case diving
and forced oral breathing) is not likely to be placed “exactly” at surfacing. Rather, a
progressive adaption to a contingent environment occurs, involving a systemic response.
Time points adopted in our study plan must be considered indicative “reference points”.
It is therefore possible to hypothesize that there is no perfect synchronicity between ROS
and NO generation: while the former is a “continuous”, starting from the exposure to
high oxygen (independently of nasal or oral breathing), iNOS activation requires the
transfer of signals through an oxygen sensor to sensitive transcription factor (NF-«B) and,
lastly, protein synthesis. Finally, it should also be considered that other possible pathways
allowing NO elimination exist besides the formation of peroxynitrate, which are impossible
to be tested in an in vivo clinical study, possibly leading to a blunted and unexpectedly
unchanged 3-NT production in the presence of hyperoxia [56].

5. Conclusions

Our study indicates that evident endothelial reactions occur while diving and that
endothelial function can be “protected” using a full-face mask that allows nasal breathing.
Moreover, a reduction of oxygen partial pressure attained by breathing a hypoxic (16% O,
at depth) countered FMD decrease even when only oral breathing was allowed. It is there-
fore very likely that oxidative stress is one, if not the unique, determinant of endothelial
NO production (or more available) by nasal breathing and it is directly responsible for
maintaining the function, probably by ROS scavenging activity. This phenomenon has
already been described to explain hyperoxic vasoconstriction [57,58]. In fact, the vasodila-
tory effect of superoxide dismutase in hyperoxia was not seen in animals given prior doses
of the NO synthase inhibitor [58]. These results provide evidence that one mechanism
for hyperoxic vasoconstriction in the brain consists of inactivation of NO by superoxide
anions, decreasing its basal vasorelaxing action. The direct physiological response is clearly
present, although the biochemical markers are less evidently triggered, and their response
is still partially blunted.

To our knowledge, this is the first study describing these aspects of diving physiology
and, therefore, more investigations are needed to better understand this apparent difference
in the response time. However, besides the obvious outcomes in terms of SCUBA diving
safety, our data permit a better understanding of the effects of oxygen concentrations, either
in normal conditions or as a strategy to induce selected responses in health and disease.
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Abbreviations

EPO Erythropoietin

EPR Electron paramagnetic resonance

FMD Flow mediated dilation

GSH Intracellular reduced glutathione

HPLC High-performance liquid chromatography
iNOS Inducible nitric oxide synthase

8-iso PGF2-a  8-Isoprostane

MPPs Matrix metallopeptidases

NF-«B Nuclear factor kappa-light-chain-enhancer of activated B cells
NRF, Nuclear factor (erythroid-derived 2)-like 2
NO Nitric oxide

NO, Nitrite

NOx NO metabolites (NO2+NO3)

3-NT Nitrotyrosine

PO, Oxygen partial pressure

ROS Reactive oxygen species
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Abstract: (1) Background: Type 1 diabetes mellitus (T1DM) people’s health-related quality of life
(HRQoL) is affected by glycemic control. Regular exercise is strongly recommended to these patients
due to its cardiovascular and metabolic benefits. However, a large percentage of patients with
T1DM people present a sedentary behavior because of the fear of a post-exercise hypoglycemia
event, lack of time, lack of motivation and the complicated management of exercise, glycemic and
insulin dose interaction. High-intensity interval training (HIIT) is an efficient and safe methodology
since it prevents hypoglycemia and does not require much time, which are the main barriers for
this population to doing exercise and increasing physical conditioning. (2) Methods: Nineteen
sedentary adults (37 + 6.5 years) with TIDM, were randomly assigned to 6 weeks of either HIIT
(12-16-20 x 30-s intervals interspersed with 1-min rest periods) performed thrice weekly, or to the
control group, which did not train. HRQoL, sleep quality, exercise motivation and enjoyment were
measured as psychological variables. (4) Results: HRQoL improved in physical and social domains,
PF (1.9%); PR (80.3%); GH (16.6); SF (34.1%). Sleep quality improved in the HIIT group by 21.4%.
Enjoyment improved by 7% and intrinsic motivation was increased by 13%. (5) Conclusions: We
suggest that the 6-week HIIT program used in the present study is safe, since no severe hypoglycemia
were reported, and an effective strategy in improving HRQoL, sleep quality, exercise motivation and
enjoyment which are important psychological well-being factors in T1IDM people.

Keywords: diabetes type 1; HIIT; sleep quality; exercise motivation; quality of life

1. Introduction

Type 1 diabetes mellitus (T1DM) is a chronic metabolic disorder characterized by the
insufficient production of endogenous insulin due to pancreatic beta cells autoimmune
destruction which is associated with multiple clinical manifestations [1]. Reports from
the International Diabetes Federation and the World Health Organization suggest that
25-45 million adults (>20 years old) suffer from TIDM worldwide [2]. Furthermore, it is
estimated that the number of people with T1IDM will increase by 25% by 2030 [2,3].

T1DM generates several negative consequences affecting health-related quality of
life (HRQoL) [4]. For instance, frequent self-monitoring of blood glucose, worry about
hypoglycemia and lifestyle changes management derived from the disease increase stress
situations, depression, anxiety and fear [5,6]. In addition, sleep quality (a determinant
factor in glycemic control and physical and mental well-being) is decreased among T1DM
patients, with shorter sleep duration and more episodes of apnea than healthy people [7].
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Treatment of T1IDM requires a rigorous balance among diet, physical activity and
exogenous insulin administration to maintain blood glucose in normal ranges [8]. From all
these factors, exercise is commonly known as an essential tool to improve HRQoL among
those with T1IDM [9]. However, exercise has shown some negative effects on sleep quality
in this population due to the increase of exercise-induced nocturnal hypoglycemia [6].
T1DM people are mostly sedentary due to, mainly, the following reasons: (a) fear of
hypoglycemia, (b) lack of time and (c) lack of motivation [10-12]. Given this background,
new exercise methods eliciting enjoyment and motivation are needed to increase adherence,
and consequently, improve HRQoL of T1IDM people, helping to avoid sleep disturbances.
Thus, the aforementioned barriers that TIDM people face might be overcome with high-
intensity interval training (HIIT). This training method involves repeated brief bouts of high
intensity (>85% VO,;max) intermitted with passive or active recovery periods, requiring
lower exercise duration than moderate-intensity continuous training (MICT) [13,14]. In
addition, HIIT also prevents hypoglycemic events, typical of MICT, due to its anaerobic
predominance, avoiding nocturnal hypoglycemia as well [12]. There is also evidence to
suggest that HIIT elicits at least the same psychological effects, including enjoyment, as
MICT among healthy and pathologic populations such as obesity, Type 2 diabetes and
cardiovascular disease [15-18]. However, there are no studies investigating its possible
application to improve psychological well-being and exercise adherence in TIDM people.
The safety and time efficiency of HIIT make this exercise method an interesting alternative
for this population. So far, HIIT was only applied in TIDM people to analyze the long-term
effects in aerobic capacity and glycemic control [19-21]. Therefore, the aim of this study
was to analyze the effect of HIIT on variables that influence psychological well-being in
T1DM individuals, previously inactive.

2. Materials and Methods
2.1. Participants and Research Design

Nineteen sedentary adults clinically diagnosed as T1IDM (10 males and 9 females)
from the Valencian Diabetes Association (VDA) and social media announcement were
selected to be part of the sample (Table 1). The following inclusion criteria were set: (1) aged
18-45 years, (2) duration of TIDM > 4 years, (3) HbA1C < 10% (4) no structured exercise
training programs in the previous 6 months, (5) no known comorbidities related or not
to diabetes. Smoking regularly, taking any medication that affects heart rate, suffering
overweight or obesity and having planned major surgery were adopted as exclusion crite-
ria (Figure 1). The institutional gym was the lab where all the activities were conducted.
Participants were informed of the purposes and risks involved in the study before giving
their informed written consent to participate. Furthermore, they completed two question-
naires before the beginning of the measurement protocols: the PAR-Q to assess participants’
level of risk to safely participate and the IPAQ (short version), to ensure the previous
sedentary behavior of the subjects. All the procedures were developed in accordance with
the principles of the Declaration of Helsinki and were approved by the local Institutional
Review Board (H1421157445503).

Table 1. Participants.

HIIT (n =11) Control (n = 8)
Pre Post Pre Post

Age (years) 38+55 - 35+82 -

Sex (male/female) 6m/5f - 4m/4f -

Duration of T1IDM (years) 20.58 + 8.4 - 21.16 + 6.5 -
BMI (kg/mz) 251+04 249 + 0.6 252+ 0.8 253+ 0.6
HbA1 (mmol/mol) 58.1 +£15.3 549 +11.6 59.1 +£10.1 59.3 £9.5
VO;max. (mL/min/kg) 37.1+41 404 + 3.8 370£55 372451
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Enroliment ‘ Assessed for eligibility (n=39) ‘

Excluded (n= 18)

+ Not meeting inclusion criteria (n= 8)
+ Declined to participate (n= 5)

+ Other reasons (n=5)

Randomized (n=21)

1 1 Allocation l’
Allocated to intervention group (n= 11) Allocated to control group (n=10)
« Received allocated intervention (n= 11) + Received allocated intervention (n=10)
+ Did not receive allocated intervention (n=0) «+ Did not receive allocated intervention (n= 0)
Follow-Up
Lost to follow-up (n= 0) Lost to follow-up (n=0)
Discontinued intervention (n=0) Discontinued intervention (n= 0)
v Analvsis
L g
Analysed (n=11) Analysed (n=8)
+ Excluded from analysis (n=0) + Excluded from analysis (n=2)
o Pregnancy before post-intervention
measurement (n=1).
o lliness during post-intervention
measurement period (n=1)

Figure 1. Shows the recruitment process.

This is a randomized controlled trial with parallel design in which the eligible sub-
jects were randomly allocated by the researchers (www.randomizer.org, accessed on
2 January 2019) to the experimental or to the control group, and classified by gender
to ensure a balanced number of men and women in each group. They all were asked to
maintain their habitual diet and not to exercise outside of the study.

2.2. Measures

All tests were completed online before starting the experimental period and after the
last training session with a previous period of instruction to the participants to ensure the
total comprehension of the questionnaires which were used. Nonetheless, patients were
instructed to ask any doubt that might arise to the investigators while the questionnaires
were being completed. All the procedures were exactly conducted in the same way
both times.

2.2.1. Health-Related Quality of Life

Health-related quality of life (HRQoL) was self-reported by completing the short form
36 health survey (SF-36) [22]. This questionnaire is a valid and reliable generic instrument
to assess HRQoL and its components [23,24]. This questionnaire contains 36 questions
including an eight-domain profile of functional health and well-being scores (physical
functioning, role limitation due to physical problems, bodily pain, general health, vitality,
social functioning, role limitation due to emotional problems and mental health). For each
parameter, scores are coded, summed and transformed to a scale from 0 (the worst possible
condition) to 100 (the best possible condition) [25,26].

2.2.2. Sleep Quality

Sleep quality was evaluated by the Pittsburgh Sleep Quality Index (PSQI), a clinical
sleep-behavior questionnaire that has been validated for use in patients with different
chronic diseases and the general population [27,28]. The PSQI is an instrument that aims
to measure subjective sleep quality and related disorders and involves seven domains:
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(i) subjective sleep quality (very good to very bad), (ii) sleep latency (<15 min to >60 min),
(iii) sleep duration (>7 h to <5 h), (iv) sleep efficiency (>85% to <65% h sleep/h in bed),
(v) sleep disturbances (not during the past month to >3 times per week), (vi) use of sleeping
medications (none to >3 times a week), and (vii) daytime dysfunction (not a problem to a
very big problem), divided into 10 questions, of which questions 1-4 are open and 5-10 are
semi-open [29]. The PSQI scoring scale ranges from 0 to 21. Each domain has a set weight
between zero and three and the global score is given by the sum of the scores in the seven
domains [30]. A PSQI global score higher than 5 indicates poor sleep quality [31].

2.2.3. Exercise Motivation

The behavioral regulation in the exercise questionnaire (BREQ-2) was used to measure
participants” underlying motivational regulation relating to HIIT participation [32]. It is
comprised of five subscales: (1) intrinsic (e.g., “I exercise because it’s fun”); (2) identified
(e.g., “I value the benefits of exercise”); (3) introjected (e.g., “I feel guilty when I don’t exer-
cise”); (4) external (e.g., “I exercise because other people say I should”); and (5) amotivation
(e.g., “I don’t see why I should have to exercise”) [32-34]. A 5-point Likert scale ranging
from; 1 = “not true for me” to 5 = “very true for me” is used to rate each of its 19 items with
the generation of each subscale score based on mean score across subscale items [35].

2.2.4. Exercise Enjoyment

To assess HIIT enjoyment, participants were asked to complete the 16-item Physical
Activity Enjoyment Scale (PACES) [36]. This instrument consists of questions relating to
enjoyment of exercise with the instruction “When I am active ... ”. This 16-item survey is
scored on a 5-point bipolar scale from 1 (totally disagree) to 5 (totally agree). Example items
include “I enjoy it/I hate it”, “I find it energizing/I find it tiring”, “It gives me a strong
sense of accomplishment/It does not give me any sense of accomplishment at all” [37].
The score was obtained with the sum of the positive elements and the restoration of the

negative elements with higher scores indicating higher levels of enjoyment [36].

2.3. Exercise Interventions

Initially, an incremental test on a cycle ergometer was performed by all the participants
(Excite Unity 3.0, Technogym S.p.A, Cesena, Italia) to determine peak power output (PPO)
and peak oxygen consumption (VO,peak) using a gas collection system (PNOE, Athens,
Greece) that was calibrated in each test by means of ambient air [38]. Capillary blood
glucose concentrations were checked before the commencement of the incremental test by
their own blood glucose monitoring devices. They were told to arrive at the lab with a
glycemic level >100 mg/dL and less than 300 mg/dL in absence of ketones. If the glycemic
level was optimum, the participant began the test normally. If not, the intake of 15-30 g
of fast-acting carbohydrates (CHO) we had available was compulsory when glycemia
was <100 mg/dL and a small corrective insulin dose was used if hyperglycemia appeared
without ketones. In the presence of ketones, the exercise was canceled. Exercise was not
allowed to start until blood glucose was correct. In the same way, it was recommended
that patients not exercise at the peak of insulin action [39].

Firstly, a warm-up of 5 min at 40 Watts (W) was performed. After that, the workload
was increased by 20 W every minute until volitional exhaustion. Participants were verbally
encouraged to give their maximum effort during the test. The test ends with a cool down
of 5 min at 40 W. Monitoring of heart rate was carried out by a Polar H10 (Polar Electro,
Kempele, Finland). VO,peak was taken as the highest mean achieved within the last 15 s
prior to exhaustion. Peak power output was registered to individualize the workloads in
the HIIT protocol.

The hour of the day that each subject completed the test was recorded, as well as the
menstrual phase of each female participant with the aim of repeating the same conditions
in the second measurement to prevent their interference on the outcomes.
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The training period was initiated the week after the pre-experimental measurements.
Participants of the experimental group trained thrice weekly for 6 weeks under researcher
supervision on a cycle ergometer (Excite Unity 3.0, Technogym S.p.A, Cesena, Italy). Heart
rate while exercising was monitored with a Polar H10 (Polar Electro, Kempele, Finland)
that was preconfigured with their heart rate zones. The HIIT protocol performed was a
type 1:2, which means that the high-intensity intervals lasted exactly half the time that the
rest intervals did. The saddle height was always adjusted to the height of the subject’s iliac
crest. The training session began with a 5-min warm-up at 50 W. Then, they performed
30-s sets of high-intensity cycling at a workload selected to elicit 85% of their individual
PPO interspersed with 1 min of active recovery at 40% PPO (Figure 2). The number of
high-intensity intervals increased from twelve reps in weeks 1 and 2, to sixteen reps in
weeks 3 and 4, to twenty reps in weeks 5 and 6. Training ends with a 5-min cool down
performed at 50 W. After the session, participants were told to check their glycemia level
frequently (every 1-2 h) and notify the investigators if a glycemia drop below 70 mg/dL
occurred during the 24 h following the exercise even though felt well.

O?Onz Ogbne gO’bxzo

Weeks 1 & 2 : Weeks 3 & 4 ! Weeks5&6

Test-pre Intervention, HIIT= 30:60 sec, 85:40% PPO Test-post

S

L
Start End

Figure 2. Represents the study timeline.

All sessions were supervised by the investigators and participants were asked not
to fast before the training and not to exercise within 30 min of a meal, aiming to perform
the HIIT under real-world conditions. For that reason, no adjustments were made in
insulin dose. Glucose levels were checked at least before and immediately after each exer-
cise session, it was re-checked when glucose was not in the safe range (100-250 mg/dL).
Fast-acting carbohydrates (15-30 g) were ingested when glycemia fell to <100 mg/dL. Hy-
perglycemia (250-300 mg/dL) was not set as a reason for postponing exercise if the patient
felt well and ketones were negative [19,21]. Subjects assigned to the control group were
instructed to maintain their current lifestyle and dietary intakes during the study period.

2.4. Statistical Analysis

All variables were expressed as a mean and standard deviation and were analyzed
using a statistical package (SPSS Inc., Chicago, IL, USA). Normality assumption by Shapiro-
Wilks was checked for each variable. A mixed factorial ANOVA (2 x 2) was performed
to assess the influence of “condition” (i.e., control group vs. experimental group) and
“time moment” variable (i.e., pre-intervention, post-intervention). In the event that the
Sphericity assumption was not met, freedom degrees were corrected using Greenhouse—
Geisser estimation. Post-hoc analysis was corrected using Bonferroni adjustment. The
Wilcoxon and Mann-Whitney U tests were used for the variables that did not meet the
normality (quality of life and exercise motivation). Cohen’s D was used to assess the
magnitude of mean differences between control vs. experimental conditions.

3. Results
3.1. Health-Related Quality of Life

The Mann-Whitney U and Wilcoxon tests showed significant differences between
pre—post measurements of the following variables in the experimental group: Physical
functioning, Physical role limitations, Pain, General health, Energy/Fatigue, Social func-
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tioning. In the control group, there were no differences between pre—post measurements.
See Table 2.

Table 2. Health-related quality of life.

HIIT (n =11) Control (n = 8)
Pre Post Pre Post ES
Physical functioning (PF) 96.3 +3.2 98.1+£25* 98.7 + 2.3 993+ 1.7 0.24
Physical role limitations (PR) 34.0 £ 12.6 613 +17.2*% 375+ 13.3 312+ 1152 0.66
Pain 445+ 11.2 61.8+75* 375+ 11.6 450+ 1412 1.53
General health (GH) 495 + 6.1 577 £5.1* 51.25 +5.2 55.6 & 6.2 0.81
Energy/fatigue (E) 23.1+4.0 28.1+46* 23.7 + 3.5 225+462 0.24
Social functioning (SF) 534+ 5.8 716 +58* 54.6 £9.3 609 +4.42 0.87
Emotional role limitations (ER) 848 +17.4 96.9 + 10.0 83.3 +17.8 875+ 17.2 0.19
Emotional well-being (EWB) 57.8 £ 6.0 60.7 = 3.5 58.0 + 3.7 59.0 4+ 2.8 0.24

Data are presented by mean + standard deviation, * Significant difference between pre-post, 2 Significant difference between groups in that
measurement point (pre or post), ES: effect size (Cohen’s d), p < 0.05.

3.2. Sleep Quality

ANOVA revealed significant statistical differences for the main effect of “pre—post”
(Fa,17) = 28.03; p < 0.001), pair comparations showed significant differences between
pre—post measurements in the experimental group. In the control group, there were no
differences between pre—post measurements. See Table 3.

Table 3. Sleep quality.

HIIT (n =11) Control (n = 8)
Pre Post Pre Post ES
Sleep Quality 6.1+0.5 43+05* 554+09 51+0.62 0.54

Data are presented by mean =+ standard deviation, * Significant difference between pre—post, 2 Significant
difference between groups in that measurement point (pre or post), ES: effect size (Cohen’s d), p < 0.05.

3.3. Exercise Motivation

The Mann-Whitney U and Wilcoxon tests showed significant differences between
pre—post measurements of the following variables in the experimental group: Intrinsic,
identified, Introjected, External, Amotivation. In the control group, there were no differ-
ences between pre—post measurements. See Table 4.

Table 4. Exercise motivation.

HIIT (n =11) Control (n = 8)
Pre Post Pre Post ES
Intrinsic 162+ 1.2 183+ 05* 16.7 +1.5 17.6 £ 0.9 2 0.96
Identified 159 +1.2 172+ 09* 16.3 £ 0.7 16.6 + 0.52 0.82
Introjected 81+08 8.0+ 0.8 7.6 0.7 7.7+0.7 0.39
External 10.1 +1.3 6.6 :09* 10.1 +1.3 97 +142 2.63
Amotivation 8.8+0.7 47 +£09* 8.7+04 82 +0.82 4.1

Data are presented by mean =+ standard deviation, * Significant difference between pre—post, 2 Significant
difference between groups in that measurement point (pre or post), ES: effect size (Cohen’s d), p < 0.05.

3.4. Exercise Enjoyment

ANOVA revealed significant statistical differences for the main effect of “pre—post”
(Fa,17) = 21.92; p < 0.001), pair comparations showed significant differences between
pre—post measurements in the experimental group. In the control group, there were no
differences between pre—post measurements. See Table 5.
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Table 5. Exercise enjoyment.

HIIT (n =11) Control (n = 8)
Pre Post Pre Post ES
Enjoyment 725+ 35 755 +34% 722 £+ 3.0 72.7 +£2572 0.94

Data are presented by mean =+ standard deviation, * Significant difference between pre—post, 2 Significant
difference between groups in that measurement point (pre or post), ES: effect size (Cohen’s d), p < 0.05.

3.5. Adverse Events

There were three mild hypoglycemia cases (67.9 £ 2.6 mg/dL) of 198 total trainings
(1.5%), occurring immediately after exercise which only required a few minutes of rest
and carbohydrate ingestion to be solved. No adverse cardiac events, respiratory events or
musculoskeletal injuries were reported in the experimental period. There were no episodes
of hyperglycemia, nocturnal hypoglycemia or episodes of diabetic ketoacidosis.

4. Discussion

The main result of the study shows that a 6-week HIIT is sufficient to improve well-
being and exercise adherence in the previously inactive TIDM population, since HRQoL,
SQ, enjoyment and exercise motivation obtained better results in the experimental group.
Moreover, the study showed that this training method is safe for this population since
no insulin or carbohydrate intake adjustments were made. Moreover, only 3 of 198 total
trainings, which means less than 1.5%, resulted in hypoglycemia, and they were mild cases
(69.7 + 2.6 mg/dL). No severe hyperglycemias were reported. These data suggest that
HIIT prevents hypoglycemia as well as previous studies reported [12,21].

Our findings show that the HIIT group experimented gave significant HRQoL im-
provements in the physical and social domains, with better results than the control group at
PR, BP, VT and SF domains. Previous studies among T1DM people—albeit mainly focused
on children, adolescents and young adults—mostly reported better HRQoL when physical
exercise is part of their lifestyle or after a training period [40,41], although it can also be
perceived as a stressor and have no positive effects on this outcome [42]. Previous reviews
which analyzed the effect of HIIT on HRQoL among heart failure patients—one of the most
recurrent TIDM complications [43]—found that all dimensions improved after a period
of HIIT. There was high heterogeneity in HIIT protocols, but it is worth mentioning that
investigations that reported mental improvements in HRQoL used protocols of at least
10 weeks of duration [44,45]. In the present study, a 6-week HIIT was conducted, and thus,
the lower exercise volume in our study could explain the absence of improvement in the
mental components of HRQoL. Nevertheless, our results are in line with those obtained by
Stavrinou and colleagues [46], who showed improvements in the physical components of
the SF-36 but not in the mental dimension after a similar HIIT protocol conducted during
8 weeks among inactive healthy people.

To the best of our knowledge, there is only one previous publication that analyses
HRQoL in T1DM after a HIIT protocol [47]. However, the aforementioned study used
obese or overweight participants and the training consisted of 4 bouts of 4 min at 85-95%
HRpeak interspersed with 3-min recovery intervals at 50-70% HReqx for 12 weeks. The
results from this study suggest no changes in HRQoL in the studied population, in contrast
with our results. However, the previously mentioned study used a different questionnaire
(Diabetes Quality of Life questionnaire), which might explain the different results. We used
the SF-36 because analyzes domains of physical functionality and psychological well-being,
while the Diabetes Quality of Life questionnaire predicts care behaviors and satisfaction
with diabetes control [48] which is less specific/related to physical exercise domains.

Relevantly, we found that the HIIT group had a greater PSQI global score than the
control group, with a 21.3% increase, which means moving from previous “poor sleep
quality” to “good sleep quality” [49].
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To date, the previous literature has focused on the effect of exercise on nocturnal
hypoglycemia due to its relevance on sleep quality in T1DM, not directly measuring
sleep quality measurement. Given that aerobic exercise has been shown to increase the
likelihood of nocturnal hypoglycemia in T1IDM people [50], recent studies have shown
HIIT as an interesting training strategy to prevent nocturnal hypoglycemia, especially, if
performed early in the morning [12,50]. This could explain the sleep quality improvement
shown in our investigation of the HIIT group, insomuch as no severe hypoglycemia were
reported, including nocturnal periods. Sleep disorders have a negative influence on mental
and physical health and decrease the quality of life in TIDM. HIIT could be postulated
as an interesting strategy to improve sleep quality, in part due to the reduction of post-
exercise and nocturnal hypoglycemia preventing night-time awakenings and consequently,
positively affect HRQoL in this population.

In reference to exercise type HIIT enjoyment, our results showed a greater improve-
ment (4.1%) in the HIIT group. This result is in line with previous studies which reported
that HIIT enhances exercise enjoyment in both inactive but healthy and people with patholo-
gies such as obesity or Crohn’s disease, using in most of them the PACES test to determine
exercise enjoyment [17,51,52].

Lack of motivation is presented as one of the most important barriers of TIDM people
to exercising [53]. We found that the used HIIT protocol increased self-determined domains
of autonomous motivational regulation: intrinsic (11.5%) and identified (7.6%) dimensions.
Conversely, external motivation (34.7%) and demotivation (46.6%) components provided
lower scores (p < 0.05), which support the self-determined improvement. In agreement with
these results, a previous study [54] found that autonomous regulation towards exercise was
improved after only one HIIT session. Furthermore, a 10-month HIIT protocol including
core and functional exercises performed by inactive obese women reported increased
intrinsic regulation (33%) and identified regulation (88%) and decreased external regulation
by 75%. These data are congruent with the obtained in the present study but with a higher
effect, probably due to the greater duration of the intervention. Reasons that may explain
that HIIT increases exercise motivation are related to different exercise effects and the
special characteristics of HIIT.

The self-determination theory [55] considers three basic psychological needs (auton-
omy, competency and relatedness). Their satisfaction influences exercise motivation. In
this way, this theory indicates that people show greater intrinsic regulation (“I do exercise
because I enjoy it”) if they perceived some decision capacity, efficacy in the task they are
performing and good social relationship with people around them. Nevertheless, if the
mentioned psychological needs are frustrated, probably the individual shows an external
regulation (“I do exercise to get something, not because I like it”) or demotivation [56]. We
hypothesize that the protocol increased the most self-determined regulations and reduced
the most external dimensions due to three main reasons: (i) Given that the protocol was
a 1:2 HIIT, participants could complete the sessions effectively but with a high level of
exigency, increasing their competency subjective perception; (ii) They were free to choose
the hour of the training, listen to music or not and they had no strict instructions related to
insulin or carbohydrate intake. Those factors could influence their autonomy perception;
(iii) Participants were in touch between them, physically and through social media. They
talked about the investigation and arranged meetings outside the lab. Those aspects could
positively affect their social relationship [18,55]. Given that enjoyment and self-determined
domains of motivation are highly correlated with adherence [17,57,58], it could be pro-
posed that HIIT elicits exercise adherence and consequently, contribute physiological and
psychological benefits to this population.

Since there are no previous studies with similar characteristics our results should be
taken with caution. No medical specialists were included in the research group which
would have contributed to a better quality in the metabolic adjustments. However, the
medical services of the university were aware of the investigation development. Although
the statistical power analysis performed with G*power 3.0 resulted in values higher than
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0.80 for all variables and tests performed, the small sample size remains the main limitation.
Furthermore, we did not use specific HRQoL questionnaires for TIDM or objective sleep
quality measurements. However, the used questionnaires are valid and reliable, providing
novel data in this population. The nutritional habits of the participants were not measured
despite being asked to maintain them with no change. Future longer interventional studies
which also compare additional interventions are needed to corroborate our results and add
further insight into the effects of using HIIT among T1DM people.

5. Conclusions

In conclusion, a 6-week HIIT protocol 1:2 type, performing high-intensity intervals at
85% PPO and active rest intervals at 40% PPO in a cycle ergometer during three sessions
per week, apart from being accessible and safe since participants were able to complete all
the sessions with the intensity required without suffering any severe undesirable episode
of hypoglycemia, was sufficient to improve HRQoL, sleep quality, exercise enjoyment and
exercise motivation in previously inactive T1IDM people.
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Abstract: Low-intensity training with blood flow restriction (LI-BFR) has been suggested as an
alternative to high-intensity resistance training for the improvement of strength and muscle mass,
becoming advisable for individuals who cannot assume such a load. The systematic review aimed to
determine the effectiveness of the LI-BFR compared to dynamic high-intensity resistance training on
strength and muscle mass in non-active older adults. A systematic review was conducted according
to the Cochrane Handbook and reportedly followed the PRISMA statement. MEDLINE, EMBASE,
Web of Science Core Collection, and Scopus databases were searched between September and October
2020. Two reviewers independently selected the studies, extracted data, assessed the risk of bias and
the quality of evidence using the GRADE approach. Twelve studies were included in the qualitative
synthesis. Meta-analysis pointed out significant differences in maximal voluntary contraction (MVC):
SMD 0.61, 95% CI [0.10, 1.11], p = 0.02, 2 71% p < 0.0001; but not in the repetition maximum (RM):
SMD 0.07, 95% CI [—-0.25, 0.40], p = 0.66, ? 0% p < 0.53; neither in the muscle mass: SMD 0.62, 95% CI
[—0.09, 1.34], p = 0.09, I 59% p = 0.05. Despite important limitations such as scarce literature regarding
LI-BFR in older adults, the small sample size in most studies, the still differences in methodology and
poor quality in many of them, this systematic review and meta-analysis revealed a positive benefit in
non-active older adults. LI- BFR may induce increased muscular strength and muscle mass, at least
at a similar extent to that in the traditional high-intensity resistance training.

Keywords: hypertrophy; katsu; low-intensity training; occlusive exercise; sarcopenia

1. Introduction

The number of people over 60 years of age is increasing rapidly worldwide due to
the increase in life expectancy and the decrease in the fertility rate. According to World
Health Organization (WHO) data [1], the world population in this group of age is expected
to reach 2 billion by 2050, reflecting an increase of 900 million from the 1.1 billion dated
in 2015, up to the 22% of the total population compared to the current 12%. Maintenance
of quality of life and prevention from disability (i.e., larger health span more than just life
span), is of outermost importance and a current public health challenge [2].

In this scenery, physical activity (PA) has widely been confirmed to counteract the
deterioration associated with aging and the sedentary behaviors intrinsic to these last
stages of life [3,4]. PA reduces the risk of mortality and chronic pathologies [5,6]. It also
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helps to prevent dynapenia (decreased muscle strength) and sarcopenia (loss of strength,
a decline in muscle mass, and final severe functional capacity impairment in the older
adults, in this order) [7]. More specifically, physical exercise, especially strength training [8],
emerges as a non-pharmacological tool in the management of this impairment of muscle
function and structure which frequently leads older adults to the frailty syndrome [9]. Sar-
copenia is indeed an emergency and expensive comprehensive health issue related to many
other non-communicable diseases, such as larger number of falls and fractures [5,10,11],
osteoporosis [12], diabetes [13], overall disability [12], but also cognitive impairment [14],
reduced daily living autonomy, frequent hospitalization, and, finally, larger comorbidity
and risk of death (See Cruz-Jentoft et al. [15], for Sarcopenia: revised European consensus
on definition and diagnosis).

Resistance training is widely accepted as the most common strategy in this non-
pharmacological approach to sarcopenia treatment [8]. Notwithstanding, in the last decade,
research has revealed alternative training proposals to traditional high-intensity strength
training (>70% RM), such as training with blood flow restriction (BFR), which consists of
applying partial peripheral vascular occlusion during low-load strength training (20%—-30%
of 1RM), causing a local hypoxia effect in the muscle. Recent systematic reviews have
analyzed responses on athletic population profiles [16,17] and active adults across the age
spectrum (20-80 years) [18-20] indicating that BFR is a similarly effective intervention to
high-intensity training in stimulating strength and muscle mass gains. Despite increasing
research, the literature on BFR in older adults remains sparse on these issues and the sub-
ject’s functional status and moderating variables (pressure, cuff size, application volume),
making further research necessary to strengthen the evidence on the efficacy of BFR in
older adults.

Therefore, the present systematic review and meta-analysis aimed to determine the
effectiveness of the low-intensity resistance training with blood flow restriction compared
to dynamic high-intensity resistance training on strength and muscle mass in non-active
older adults.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review was conducted according to the Cochrane Handbook [21]
and reported following the guidelines of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) declaration [22]. It was registered in the Inter-
national Prospective Register of Systematic Reviews (PROSPERO registration number:
CRD42020214901).

2.2. Information Sources and Search

We conducted a systematic search according to Chapter 4 of the Cochrane Hand-
book [21]. MEDLINE, Web of Science Core Collection, Scopus, and EMBASE databases
were searched between September and October 2020. The search strategy applied was the
following: old OR eld OR sarcopenic OR frail AND blood flow restriction OR occlusive
training OR vascular occlusion OR kaatsu OR ischemic training.
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2.3. Eligibility Criteria and Study Selection

Selection criteria were built based on the participants, intervention, comparators,
outcomes, study design (PICOs) approach acronym [21] as follows.

Participants: Participants over 65 years, physically inactive, and characterized as
healthy by the authors, defined as not achieving 150 min of moderate-to-vigorous-intensity
physical activity per week or 75 min of vigorous-intensity physical activity per week or an
equivalent combination of moderate and vigorous-intensity activity [23,24].

Intervention: Low-intensity blood flow restriction training (LI-BFR), based on the
restriction of afferent and efferent blood flow during the performance of a low-intensity
dynamic resistance exercise (20-50% of 1RM), causing a local hypoxia effect on the muscle
using a pneumatic pressure cuff placed in the proximal region of the limb [25].

Comparators: Resistance training (RT) interventions were considered as any form of
physical activity that is designed to improve muscular fitness by exercising a muscle or a
muscle group against external resistance, performed systematically in terms of frequency,
intensity, and duration, and is designed to maintain or enhance health-related outcomes.
Resistance can come from fixed or free weights, elastic bands, body weight (against gravity),
and water resistance. It may also involve static or isometric strength (holding a position or
weight without moving against it). Often presented as a percentage of the participant’s
one-repetition maximum (1-RM), the maximum weight they can lift/move if they only
must do it once [26].

Outcomes: Muscular strength (Kg and Nm) and muscle mass (cm?).

Study design: Randomized controlled trial (RCT) where the intervention was RT with
a follow-up period of at least 4 weeks. RCT is understood as a study in which many similar
people are randomly assigned to 2 (or more) groups to test a specific drug, treatment, or
other intervention. One group (the experimental group) has the intervention being tested,
the other (the comparison or control group) has an alternative intervention, a sham dummy
intervention (placebo), or no intervention at all. The groups are followed up to see how
effective the experimental intervention was. Outcomes are measured at specific times and
any difference in response between the groups is assessed statistically. This method is also
used to reduce bias.

Eligibility criteria were applied independently by two blinded authors and disagree-
ments were solved through consensus and active participation of a third author, likewise,
the same authors inspected the reference lists from key journals and systematic reviews
with a similar PICO to identified all promising or potential studies.

2.4. Data Collection Process

Two authors independently performed data extraction. Relevant data were extracted
to a computer-based spreadsheet. The reviewers extracted the following information:
authors’ information, publication year, functional status, BRFT characteristics (cuff size and
pressure) resistance training protocols (frequency, intensity, length, duration, and volume),
and effect estimates (mean, standard deviation, standard error) (Table 1).
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Table 1. Characteristics of included studies.

. Pressure Frequency Duration
o,
Study N Age (yrs) Functional Status % 1IRM Cuff (cm) (mmHg) (@wk) wk) Protocol (st x rp) Measurements
Cook et al Non active and risk of RT: 70% RT:3 x 10 CSA-MRI;
2017 27] 36 69-82 functional limitation - DL K: 30% (LE and 6 184 25 2 12 LI-BFR: 3 x 10 MVC
LC) and 50% (LP) ’
. . RT: 70% CSA-MRI;
Cz%?; T;é’]l 21 67-85 I\ft’;‘c"t‘f;ﬁ irr‘itr;flkoﬁf LI-BFR: 30% (LE and 6 184 4 25 2 12 ngﬁi-; iol 0 MVC; 10RM
LC) and 50% (LP) ) Test
Letieri et al., . RT: 80% BFRH: 185 + 5 RT: 3 x 6-8
2018 [29] 56 68.8 £ 5.09 Non active BER: 30% Notstated  prer 105 + 6 3 16 [LBFR:1x30+3 x 15 MVC
Letieri et al., . RT: 80% o RT: 3 x 6-8 )
2019 [30] 23 69.4 +5.73 Non active BER: 30% 13 80% 3 16 LI-BFR: 1 x 30 + 3 x 16 AMM; MVC
Libardi et al., . RT: 80% o RT: 4 x 10 CSA-MRI; RM
2015 [31] = 64741 Non active BFR: 20% 18 50% 3 12 [IBFR1x30+3x15 Test
Silva et al. .
! . RT: 80% RT: 4 x Fail
w 0,
3 2[2515 15 61.8 £ 6.01 Non active BER: 30% 18 80% 2 12 LL-BFR: 4 x Fail RM Test
Thiebaud
. RT: 80% RT: 3 x 10 CSA-MRI; RM
et a[1§32]013 14 60.5+ 3.5 Non active BER: 30% 18 80-120 3 8 LLIBFR: 1 x 30 + 2 x 15 Test
Vechin et al., . RT: 80% o RT: 4 x 10 CSA-MRI; RM
2015 [34] 2 5971 Non active BFR: 30% 18 50% 2 12 LIBFR:1x30+3x15 Test
Yasuda et al., . RT: 4 x 10 CSA-MRI;
2014 (a) [35] 17 61-85 Non active Not stated 3 196 £ 18 2 12 LI-BFR: 1 x 30 + 3 x 16 MVC
Yasuda et al., . RT:4 x 10 CSA-MRI;
2014 (b) [36] 16 61-78 Non active Not stated Not stated 120-270 2 12 LI-BER: 1 x 30 + 3 x 17 1ORM Test
Yasuda et al., . RT:4 x 10 CSA-MRI;
2015 [37] 14 61-85 Non active Not stated Not stated 202+ 8 2 12 LIBFR: 1 x 30 + 3 x 18 MVC
Yasuda et al., . RT:3 x 12 CSA-MRI;
2016 [38] 30 61-86 Non active Not stated 5 160-200 2 12 LI-BFR: 1 x 30 + 3 x 15 MVC

Abbreviations: yrs, years; RT, resistance training exercise group; LI-BFR, low-intensity blood flow restriction exercise group; d, days; wk, week; st, sets; RP, repetitions; LC, leg curl; LE, leg extension; LD, leg press;

CSA, cross-sectional area; MRI, magnetic resonance imaging; MVC, maximal voluntary contraction.
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2.5. Risk of Bias of Individual Studies

Two authors independently assessed the risk of bias. In the case of disagreement,
the subject was discussed with another author. The risk of bias was assessed using the
Cochrane risk-of-bias tool for randomized controlled trials (RoB 2.0) [39], which evaluates
the risk of bias in five domains: the randomization process, deviations from intended
interventions, missing outcome data, measurement of the outcome, and selection of the
reported result. A study is considered to be at a “low risk of bias” if all five domains have
been judged to be at low risk of bias. A study is considered to have “some concerns” if it
has been judged to raise some concerns in at least one domain. A study is considered to
be at a “high risk of bias” overall if it is judged to be at a high risk of bias in at least one
domain. The tool was applied to each outcome of interest.

2.6. Summary Measures

For continuous outcomes, the group size, the mean values, and the standard deviations
(SDs) were recorded for each group compared in the included studies. Pooled effects were
calculated using an inverse of variance model, and the data were pooled to generate a
standardized mean difference (SMDs) with a corresponding 95% confidence interval (CIs).
Most studies for each outcome reported data in the same units, so it was possible to pool all
studies regardless of whether they reported changes in-between data at baseline and final
data. Significance was set at p < 0.05. A random-effects model was used. We used Cohen’s
guidelines (no effect <0.2, small effect = 0.2 to 0.49, moderate effect = 0.5 to 0.79, large
effect > 0.80) [40] to report the magnitude of the effect and help with the interpretation of
SMDs. All analyses were performed by a single reviewer using Review Manager (RevMan
Version 5.4.1 The Cochrane Collaboration, 2020) and checked against the extracted data by
the other author.

2.7. Additional Analysis

Subject to data availability, the subgroup analysis were performed considering the
medium used to evaluate muscle strength and muscle mass on a specific muscle group or
the evaluated kinetic chain.

2.8. Certainty of the Evidence: GRADE Approach

The reviewers decided a posteriori to evaluate the certainty of the evidence using
the grading of recommendations, assessment, development, and evaluation (GRADE)
approach to making the systematic review more usable for clinicians, trainers, decision-
makers, and developers of clinical practice guidelines. We followed the GRADE approach
to assess the certainty (or quality) of evidence in three major outcomes. The GRADE
approach considers the risk of bias and the body of evidence to rate the certainty of the
evidence into one of four levels:

High certainty: We are very confident that the true effect lies close to that of the
estimate of the effect.

Moderate certainty: We are moderately confident in the effect estimate—the true
effect is likely to be close to the estimate of the effect, but there is a possibility that it is
substantially different.

Low certainty: Our confidence in the effect estimate is limited—the true effect may be
substantially different from the estimate of the effect.

Very low certainty: We have very little confidence in the effect estimate—the true
effect is likely to be substantially different from the estimate of effect.
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3. Results
3.1. Literature Search and Article Selection

Initial database searches yielded a total of 1659 articles. After performing screening
by title and abstract, and then removing duplicates, a total of 326 research papers were
discarded, thus obtaining a total of 48 RCTs for full-text review. Subsequently, 36 RCTs
were excluded for not assessing muscle mass and strength; apply BFR in aerobic exercise;
results recorded on graphs only; apply BFR in pathological older adults. In total 12 studies
were included in the Systematic Review [27-38] (Figure 1).

Records identified through database Additional records identified through
searches (n = 1659): other sources
£ n=0)
= MEDLINE/PubMed (n = 549)
:E Web of Science Core Collection (n = 789)
5 Scopus (n=104)
= EMBASE (n =217)
a——
M
- Records after duplicates removed
5 (n=326)
7}
; l
o
»
Records excluded
Records screened (n=278)
s (n=326)
Non-randomized controlled trials
2 v Full-text articles excluded, with motive
= Full-text articles assessed for (n=36)
B eligibility R
=
= (n=48) - Do not evaluate muscle mass and
strength (n =15)
- Apply BER in aerobic exercise (n = 8)
— Results recorded on graphs only (n=3)
G Apply BFR in pathological older adults
Studies included in qualitative (np=pl)(’)) j e
synthesis
(n=12)
o
)
°
—= l
v
=
Studies included in quantitative
synthesis
(n=6)
-

Figure 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow-chart

of the study selection.

3.2. Risk of Bias Individual Studies
The twelve studies present some methodological problems.
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3.2.1. Muscular Strength Outcome (RM Test)

Four (57%) studies were judged of low risk of bias in at least one domain. One of them
(14%) related to the random sequence generation and deviations from intended interven-
tions [32]; three (43%) related to the missing data outcome [28,32,36]; and the remaining
one (14%) for the measurement of the outcome domain [28]. For further information on the
risk of bias, see Figure 2.

Deviations from intended interventions
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® 0O ® | @ | tissingoutcome data
-~
< | @ | overral

Measurement of the outcame
Selection of the reported result

Randomization process
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Thiehaud et al., 2013

Yechinetal, 2015 2 [ 2

-
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Yasudaetal, 20140 | 7 (7 . AL

Figure 2. Risk of bias summary: review authors’ judgments about each risk of bias item for muscular
strength outcome.

3.2.2. Muscular Strength Outcome (MVC Test)

Four (57%) studies were judged of low risk of bias in at least one domain. Two of
them (29%) were judged at low risk of bias in all domains [30,31]; four (57%) related to the
missing data outcome [28-30,37], and the remaining three (43%) for the measurement of
the outcome domain [28-30]. For further information on the risk of bias, see Figure 3.
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Figure 3. Risk of bias summary: review authors’ judgments about each risk of bias item for muscular
strength outcome.

3.2.3. Muscle Mass Outcome (cm?)

Four (44%) studies were judged of low risk of bias in at least one domain. One of them
(11%) related to the random sequence generation and deviations from intended interven-
tions [31]; three (33%) related to the missing data outcome [29,36,37]; and the remaining
one (11%) for the measurement of the outcome domain [28]. For further information on the
risk of bias, see Figure 4.
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mass outcome.

3.3. Main Findings
3.3.1. Narrative Synthesis

Twelve studies investigated the effect of the LI-BFR on strength and muscle mass
compared to RT [27-38]. All studies that measured strength gains by direct RM test (kg)
indicated significant improvements in weight lifted (p < 0.05) [28,31-34,36]. However, in
the case of the studies that measured strength employing the MVC (Nm) [27-30,35,37,39],
the evidence is a bit more uncertain, as two of the seven studies that performed this test
did not find significant improvements in strength (p > 0.05) [27,35]. Table 2 describes the
articles not included in the meta-analysis.
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Table 2. Data from studies not included in the meta-analysis.

Outcome
ID Population i Comparison
Study opulatio Intervention P LI-BFR (Mean/PI + SD) RT (Mean/PI + SD) CON (Mean/PI £ SD)
. LE (RM-kg): 9.1,95% CI [5, 13.2] p < 0.01 LE (RM-kg): 21.2, 95% CI [13, 29.5] p < 0.01 LE (RM-kg): 0.6, 95% CI [—4.2,5.3] p < 0.01
Cooketal. (2017) 30 erliff_gyc g}fiﬁ‘;ﬁ:ﬁg‘fl% LLBER RT an(‘égf\%t,chmg LC (RM-kg): 5.4,95% CI[0.5,10.2] p<0.01  LC (RM-kg): 8.2,95% CI [5.4, 11.1] p < 0.01 LC (RM-kg): 0.4,95% CI[1, 1.8] p < 0.01
- functional limitation with ages (n=12) RT (n= 1'2) LP (RM-kg): 18.7,95% CI [9.0, 28.4] p < 0.01 LP (RM-kg): 31.7, 95% CI [13.6, 50] p < 0.01 LP (RM-kg): —0.2,95% CI [—-10.4,10.1] p < 0.01
United States between 69 and 82 earsg CON (n=12) MVC (Nm): 11.2,95% CI [-2.7, 25] p = 0.14 MVC (Nm): 19.3,95% CI [8.3,30.3] p = 0.14 MVC (Nm): 3.5,95% CI[-7.3,14.3] p = 0.14
Y - CSA (cm?): 3.23,95% CI [1.29,5.16] p < 0.01  CSA (cm?): 2.86,95% CI [1.87, 3.86] p < 0.01 CSA (cm?): 0.07, 95% CI [—0.67, 0.82] p < 0.01
Letlzegllgt al. 56 elderly females non-active LL-BFR
( 3 ) with ages between 63 and (n_: 11) RT (n=12) HG (kg): 23.02 + 3.2, p = 0.432 HG (kg): 23.04 +5.97, p = 0.432 No control group
Brazil 74 years
leazrglll 58t al 25 elderly males and females LL-BFR RT a.rfl.d;?C\%N . Percent increase (PI) Percent increase (PI) Percent increase (PI)
( B ) non-active with ages between (n=10) unsp;c% (1:1 -3) ): Strength (RM-kg): 35.4%, p = 0.001 Strength (RM-kg): 38.1%, p < 0.001 Strength (RM-kg): —4.3%, p > 0.05
Brazil 60 and 69 years CON (n=7) CSA (cm?): 7.6%, p <0.0001 CSA (cm?): 7.3%, p <0.0001 CSA (cm?): —2.2%, p>0.05
Yasuda et al. Percent increase (PI) Percent increase (PI)
(2014) (a) ’ 17 elderly males and females LLBFR EF (MVC-Nm): 7.8%, p = 0.0082 EF (MVC-Nm): No changes
B non-active with ages between (n=9) RT (n=8) EE (MVC-Nm): 16.1%, p = 0.0131 EE (MVC-Nm): No changes No control group
Japan 61 and 85 years EF (CSA-cm?): 17.6%, p < 0.0001 EF (CSA-cm?): No changes
P EE (CSA-cm?): 17.4%, p = 0.0131 EE (CSA-cm?): No changes
R LE (RM-kg): 66 = 27, p < 0.01 LE (RM-kg): 63 =+ 24, p > 0.05
Yasuda et al. 16 elderly males and females LP (RM-kg): 191 & 60, p < 0.01 LP (RM-kg): 158 + 44, p > 0.05
(2014) (b) non- actige with ages between LI-BFR RT (n=8) QD (CSA-cm?): 49.1 £ 9.6, p < 0.01 QD (CSA-cm?): 44.7 8.9, p > 0.05 No control erou
- o1 and 78 gears (n=8) AD (CSA-cm?): 24.2 + 8.4, p > 0.05 AD (CSA-cm?): 20.8 + 3.6, p > 0.05 group
Japan b HM (CSA-cm?): 22.1 + 4.8, p > 0.05 HM (CSA-cm?): 20.8 + 3.6, p > 0.05
GM (CSA-cm?): 40.8 £ 7, p = 0.07 GM (CSA-cm?): 36.5 £ 7.7, p > 0.05
Yasuda et al. 30 elderly females non- active RT and other Percent increase (PI) Percent increase (PI) Percent increase (PI)
(2016) ith Y between 61 and LI-BFR unspecified (CON): Strength (RM-kg): 16.4%, p < 0.001 Strength (RM-kg): 17.6%, p < 0.001 Strength (RM-kg): No changes p = 0.912
- wi age58 6e cenolan (n=10) RT (n =10) Strength (MVC-Nm): 13.7%, p = 0.028 Strength (MVC-Nm): No changes, p = 0.196 Strength (MVC-Nm): No changes, p = 0.810
Japan years CON (n =10) CSA (cm2): 6.9%, p < 0.001 CSA (cm?): 1.5%, p = 0.871 CSA (cm?): —2.2%, p = 0.395

Abbreviations: LI-BFR, Low-intensity blood flow restriction exercise group; RT, resistance training exercise group; CON, control group; LE, leg extension; LC, leg curl; LP, leg press; HG, handgrip; EF, elbow
flexion; EE, elbow extension; QD, quadriceps; AD, adductors; HM, hamstrings; GM, gluteus maximus, CI, confidence interval; PI, percent increase; SD, standard deviation.
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In the measurements concerning muscle mass of the included studies, those that mea-
sured changes in quadriceps thickness reported significant differences [27,28,31,33,34,36,38],
however, for the lower limb, one study found no significant differences for adductors,
hamstrings, and gluteus maximus [36]. In the case of upper extremities, one study reported
significant differences in elbow flexor and extensor muscles [37].

3.3.2. Quantitative Synthesis

The effects of BFR on muscular strength assessed in the RM-test, MVC-test, and muscle
mass (cm?) are shown in Figures 5-7, respectively.

LI-BER vs. RT Alone on Muscular Strength via RM Test

As shown by Figure 5, when compared to resistance training alone, LI-BFR may have
little to no effect in muscular strength measured by the RM test (SMD 0.07 (95% CIL: —0.25
to 0.40) p = 0.66; 12 = 0%, p = 0.53). However, this evidence is very uncertain. Likewise, this
evidence is very uncertain when analyzing this comparison separately in leg press, knee
extension, and knee flexion (ES 0.01, ES 0.08, and 0.12, respectively; see Table 3).

BFR-RT RT alone Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Muscular strength (RM)
Cooketal., 2019 knee-ext 411 20 10 605 253 11 13.3% -0.81 F1.71,0.09] -
Cooketal., 2019 knee-flex 332 126 10 348 g 11 14.6% -0.18[1.00,0.71] "
Silvaetal, 2015 401 7.39 5 37.37 448 ] 6.8% 0.40 [-0.86, 1.66] -
Thiebaud etal., 2013 Knee-Ext-L 26 4.6 8 .7 87 8 10.6% 0.56 [-0.45, 1.56] T
Thiebaud etal., 2013 Knee-Ext-R 26 38 8 238 73 g 10.49% 0.36 [[0.63,1.35] -
Thiebaud etal., 2013 Knee-flex-L 246 6B6 8 242 71 g 11.2% 0.06 [-0.93,1.04]
Thiebaud et al., 2013 Knee-flex-R 26 38 8 231 48 8 10.6% 0.57 [[0.43,1.58] T
Thiebaud etal., 2013 Leg press 107 19.4 8 1122 227 g 11.1% -0.23[1.22,0.75] T
Vechin etal, 2014 36 141 8 266 140 g 11.0% 0.34 [[0.65,1.33] T
Subtotal (95% CI) 73 75 100.0% 0.07 [-0.25, 0.40] L
Heterogeneity: Tau®= 0.00; Chi*=7.04, df=8 (P =043), F=0%
Test for averall effect: 2= 0.44 (P = 0.66)
1.1.2 Muscular on strength-Leg press (RM)
Silvaetal, 2015 401 7.39 5 37.37 448 5 37.9% 0.40 [-0.86, 1.66]
Thiebaud etal., 2013 Leq press 107 19.4 8 1122 227 8 B21% -0.23[1.22,0.758) f
Subtotal (95% CI) 13 13 100.0% 0.01 [-0.77,0.78]
Heterogeneity: Tau®= 0.00; Chi*=0.61, df=1 (P =044}, F=0%
Test for overall effect: Z=0.02 (P = 0.98)
1.1.3 Muscular strength-Knee extension (RM)
Cook et al., 2019 knee-ext 411 20 10 605 253 11 28.9% -0.81 [1.71,0.09] —
Silvaetal, 2015 401 7.39 5 3737 448 5 18.3% 0.40 [-0.86, 1.66] -
Thiebaud etal., 2013 Knee-Ext-L 26 56 8 .7 a7 8 256% 0.56 [-0.45, 1.56] T
Thiebaud etal., 2013 Knee-Ext-R 26 38 8 238 73 8 261% 0.36 [[0.63,1.35] -
Subtotal (95% CI) K | 32 100.0% 0.08 [-0.60, 0.75] <
Heterogeneity: Tau®*=0.20; Chi*= 518, df=3 (P=016); F=42%
Test for overall effect: Z=0.23 (F=0.82)
1.1.4 Muscular strength-Knee flexion (RM)

Cooketal., 2019 knee-flex
Thiebaud et al., 2013 Knee-flex-L
Thiebaud et al,, 2013 Knee-flex-R
Subtotal (95% CI)

33.2 126 10 348 g 11 401% -0.15 [F1.00,0.71]
246 66 8 242 T4 g 30.7% 0.06 [-0.93,1.04]
26 38 8 231 48 8 28.2% 0.57 [-0.43,1.58]
26 27 100.0% 0.12[-0.42, 0.67]

Heterogeneity: Tau® = 0.00; Chi*=117, df=2 (P=0.56); F=0%
Testfor overall effect Z=0.45 (P = 0.65)

4 20 7 4
Favours RT alone Favours BFR-RT

Testfor subgroup differences: Chi*= 0.06, df= 3 (P =1.00}, F=0%

Figure 5. LI-BFR versus RT on muscular strength (RM test), standard means difference (SMD).
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BFR-RT RT Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
2.1.1 Muscular strength (MVC)
Cook etal, 2019 knee-ext 128 454 10 126 425 11 8.8% 0.04 [-0.81, 0.90] I
Cook etal, 2019 knee-flex 9.5 183 10 £3.9 23 11 3.8% 0.03[-0.83,0.88] I
Letierietal, 2018 knee-ext HI-L ~ 118.13 1502 1M1 116587 137 10  8.8% 010 [-0.75, 0.96] ——
Letieri etal, 2018 knee-ext HI-R 11947 14.4 11 116.01 144 10 B.8% 0.23[-0.63,1.09] o
Letieri et al, 2018 knee-ext LI-L 11021 153 11 BBES 1605 12 B4% 1.45[0.51, 2.39] —
Letieri et al,, 2018 knee-ext LI-R 108.07 142 11 B8588 1503 12 B3% 1.63[0.58, 2.48] —_—
Litieri et al.,, 2018 Knee-flex HI-L T2.04 843 11 7aT7 826 10  BE% -0.72[1.61,017] h—
Litieri et al.,, 2018 Knee-flax HI-R 75.29 1167 11 797 1053 10 B7% -0.38 [-1.25, 0.49] I
Litieri et al.,, 2018 Knee-flex LI-L TE2T 828 11 5461 4953 12 77% 2111.06,3.17] E—
Litieri et al., 2018 Knee-flex LI-R T5.54 1248 11 5551 955 12 81% 1.75[0.76, 2.74] —
Yasuda etal, 2015 EE 106 27 7 92 14 T OTE% 061 [-0.47,1.69] I
Yasuda et al, 2015 EF 135 22 7 115 19 TTA% 0.81 [-0.21, 2.03] T
Subtotal {95% CI) 122 124 100.0% 0.61 [0.10, 1.11] L 2

Heterogeneity: Tau®= 0.57; Chi®= 38.59, df= 11 (P = 0.0001), F=71%
Testfor overall effect: £=2.36 (P =0.02)

2.1.2 Muscular strength-Knee-extension (MVC)

Cooketal, 2019 knee-ext 128 454 10 126 424 11 206% 0.04 [F0.81, 0.90] —
Letierietal, 2018 knee-extHI-L -~ 11813 15.02 11 1657 137 10 206% 0.10 [0.75, 0.96]

Letierietal, 2018 knee-ext HI-R 119.47 144 11 1601 144 10 206% 0.23 F0.63, 1.09] T
Letieri et al., 2018 knee-ext LI-L 11021 1521 11 B6.EY 16.05 12 198.2% 1.451[0.51, 2.39] —_—
Letieri et al., 2018 knee-ext LI-R 109.07 142 11 8588 15.03 12 19.0% 1.53[0.58, 2.49] —
Subtotal (95% CI) 54 55 100.0% 0.65 [0.00, 1.29] N

Heterogeneity, Tau®= 0.33; Chi*= 1040, df= 4 (P=0.03);, F= 62%
Test for overall effect: £=1.97 (P = 0.09)

2.1.3 Muscular strength-Knee-flexion (MVC)

Cooketal, 2019 knee-flex B9.5 183 10 68.9 23 11 20.8% 0.03 [-0.83, 0.88] —_

Litieri et al.,, 2018 Knee-flex HI-L 7204 8943 11 787 826 10 20.3% -0.72[1.61,017] T

Litieri et al., 2018 Knee-flex HI-R 75.29 11.67 11 79.7 1053 10 20.4% -0.38 [1.25, 0.49] T

Litieri et al,, 2018 Knee-flex LI-L 7H.27T 828 11 5461 943 12 19.2% 211 [1.06, 3.17] -
Litieri et al., 2018 Knee-flex LI-R 7H.54 1249 11 8551 8955 12 19.6% 1.75[0.76, 2.74] —
Subtotal (95% CI) 54 55 100.0% 0.53 [-0.55, 1.61] e

Heterogeneity: Tau®=1.29; Chi*= 2714, df=4 (P = 0.0001); F=85%
Testfor overall effect Z=0.96 (F=0.33)

4 2 0 2 1
Favours RT alone Favours BFR-RT

Test for subgroup differences: Chi*= 003, df= 2 (F=088), F=0%

Figure 6. LI-BFR versus RT on muscular strength (MVC test), standard means difference (SMD).

LI-BER vs. RT Alone on Muscular Strength via the MVC Testing

The LI-BER effect on muscular strength measured using the MVC is larger than the
one of RT alone (SMD 0.61, 95% CI [0.10 to 1.11], p = 0.02; 2 =71%, p <0.0001), but again,
the evidence of this benefit is very uncertain.

Subgroup analysis by movement patterns reveals that this benefit is mainly due to the
knee extension pattern, which is also significant (p = 0.05) and has a similar larger effect
(SMD 0.65, 95% IC [0.00, 1.29]). Benefits in knee flexion are smaller and non-significant
(SMD 0.53, 95% IC [—0.55, 1.61]; p = 0.33). Equally, there is also very uncertain evidence
about this comparison on the MVC, both in the knee extension (ES 0.65), and in the knee
flexion (ES 0.53). Table 4 shows this information.
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BFR-RT RT Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
3.1.1 Muscle mass (cm?)
Cooketal., 2019 knee-ext 4889 132 10 477 117 11 231% 0.08 [-0.76, 0.95]
Cook et al., 2018 knee-flex 221 6.2 10 235 74 11 231% -0.20 [-1.06, 0.66]
Yechinetal, 2015 1.4 221 8 617 148 8 207% 0.49[-0.51,1.49] T
Yasudaetal, 2015 EE 143 1.3 7 12 1.4 T O16T% 1.569[0.34, 2.85] —
Yasudaetal, 2015 EF 134 18 7 107 049 T 164% 1.70[0.42, 2.98] —
Subtotal (95% CI) 42 44  100.0% 0.62 [-0.09, 1.34] -

Heterogeneity: Tau®= 0.38; Chi*=9.68, df= 4 (P =0.05); F=59%
Testfor overall effect Z=1.70 (F = 0.09)

3.1.2 Muscle mass (cm?) knee extensors

Cooketal, 2019 knee-ext 489 132 10 477 117 11 576% 0.08 [-0.76, 0.95]

Yechinetal, 2015 1.4 221 8 B1.7 148 8 424% 0.49[-0.51,1.49]

Subtotal (95% CI) 18 19 100.0% 0.26 [-0.39, 0.91]

Heterogeneity: Tau®= 0.00; Chi*=0.35, df=1 (P =0.56), F=0%

Test for overall effect Z=0.78 (F=0.43)

3.1.3 Muscle mass (cm?) Knee flexors

Cook et al., 2018 knee-flex 221 6.2 10 235 74 11 100.0% -0.20 [-1.06, 0.66] !
Subtotal (95% CI) 10 11 100.0% -0.20 [-1.06, 0.66]

Heterogeneity: Mot applicahle
Test for overall effect 2= 0.46 (F = 0.69)

3.1.4 Muscle mass (cm?) Elbow flexors and extensors

Yasudaetal, 2015 EE 143 13 7 12 1.4 7ooa1.0% 1.59[0.34, 2.85] ——
Yasudaetal, 2015 EF 134 19 7107 08 749.0% 1.70[0.42, 2.98] ——
Subtotal (95% CI) 14 14 100.0% 1.65 [0.75, 2.54] L 4

Heterogeneity: Tau®= 0.00; ChiF=0.01,df=1 (P=0.81), F=0%
Test for overall effect 2= 3.59 (P =0.0003)

4 2 0 2 4
Favours RT Favours BFR-RT

Testfor subgroup differences: Chi®= 943, df=3(P=002), F=63.2%

Figure 7. LI-BFR versus RT on muscle mass, standard means difference (SMD).

LI-BFR vs. RT Alone on Muscle Mass (cm?)

Our data point out that LI-BFR trend to increase muscle mass over resistance training
alone with a moderate effect size (SMD 0.62, 95% CI [—0.09 to 1.34], p = 0.09; I? = 59%,
p = 0.05), but the evidence is very uncertain (Figure 7). Likewise, the evidence is very
uncertain about the effect of low-load BFR-RT when compared with RT alone on muscle
mass in knee extensors (ES 0.26) and knee flexors (ES —0.20), and elbow flexors and
extensors (ES 1.65), see Table 5.
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Table 3. Summary of findings for the comparison: LI-BFR versus RT alone on muscular strength (RM test).

Resistance Training with Blood Blow Restriction Versus Resistance Training Alone

Population: Non-Active older adults

Intervention: resistance training with blood flow restriction
Comparison: resistance training

Setting: laboratory

Anticipated Absolute Effect *

(95% CI)
Assung(c)inlt{rlslk with Assumed Risk with Intervention

SMD 0.07 * Mean strength in intervention was 0.07 higher 148 ®000
Muscular strength (RM Test) Up to 12 weeks 554 6 40) 21.7t0 266 (0.25 lower to 0.40 higher) (4 RCTs) VERY LOW 12

Muscular strength-Leg press (RM Test) SMD 0.01 * 3737 to 112.2 Mean strength in intervention was 0.01 higher 26 Slelele)
Up to 12 weeks (—0.77 to 0.78) : : (0.77 lower to 0.78 higher) (2 RCTs) VERY LOW 12
gfluscular strength-Knee extension (RM Test) SMD 0.08 * 217 t0 60.5 Mean strength in intervention was 0.08 higher 63 VER?{%%%\/ 12

Up to 12 weeks (—0.60 to 0.75) ’ ’ (0.60 lower to 0.75 higher) (3RCT)

Muscular strength-Knee flexion (RM Test) SMD 0.12 * 231 to 34.8 Mean strength in intervention was 0.12 higher 53 Clelele)

Up to 12 weeks (—0.42 to 0.67) : ’ (0.42 lower to 0.67 higher) (2 RCTs) VERY LOW 23

The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI). CI: Confidence interval; RM:
maximum repetitions; SMD: Standard mean difference. * Effects size: 0.2 represents a small effect, 0.5 a moderate effect, and 0.8 a large effect [29]. ' Downgraded by two levels due to no randomization process,
selection of the reported result, and measurement of the outcome. > Downgraded by two-level due to small sample size and wide confidence intervals (imprecision); > Downgraded by one level due to no
randomization process, and selection of the reported result.
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Table 4. Summary of findings for the comparison: LI-BFR versus RT alone on muscular strength (MVC test).

Resistance Training with Blood Blow Restriction Versus Resistance Training

Population: Non-active older adults

Intervention: resistance training with blood flow restriction
Comparison: resistance training

Setting: laboratory

Anticipated Absolute Effect *

(95% CI)
LeTmE I st Assumed Risk with Intervention
Control

Muscular strength (MVC test) SMD 0.61 * 54.61 to 126 Mean strength in intervention was 0.61 higher 246 ®000
Up to 16 weeks (0.10 to 1.11) : (0.10 lower to 1.11 higher) (3 RCTs) VERY LOW 12

Muscular strength-Knee extension (MVC test) SMD 0.65 * 85.88 t0 126 Mean strength in intervention was 0.65 higher 109 ®000
Up to 16 weeks (0.00 to 1.29) : (0.00 lower to 1.29 higher) (2 RCTs) VERY LOW 12

Muscular strength-Knee flexion (MVC test) SMD 0.53 * 85.88 t0 126 Mean strength in intervention was 0.53 higher 109 ®000
Up to 16 weeks (—0.55 to 1.61) : (0.55 lower to 1.61 higher) (2 RCTs) VERY LOW 12

The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI). CI: Confidence interval; MVC:
Maximum voluntary contraction; SMD: Standard mean difference. * Effects size: 0.2 represents a small effect, 0.5 a moderate effect, and 0.8 a large effect [29]. 1 Downgraded by one level due to inconsistency; 2
Downgraded by two-level due to small sample size and wide confidence intervals (imprecision).
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Table 5. Summary of findings for the comparison: LI-BFR versus RT alone on muscle mass (cm?).

Resistance Training with Blood Blow Restriction Versus Resistance Training

Population: Non-active older adults

Intervention: resistance training with blood flow restriction
Comparison: resistance training

Setting: laboratory

Anticipated Absolute Effect *

(95% CI)
GBI S St Assumed Risk with Intervention
Control

Muscle mass (cm?) SMD 0.62 * 10.7 to 61.7 Mean strength in intervention was 0.62 higher 86 @000
Up to 12 weeks (—0.09 to 1.34) : : (0.09 lower to 1.34 higher) (3 RCTs) VERY LOW 123

Muscle mass knee extensors (cm?) SMD 0.26 * 477 to 617 Mean strength in intervention was 0.26 higher 37 @000
Up to 12 weeks (—0.39 t0 0.91) ’ : (0.39 lower to 0.91 higher) (2 RCTs) VERY LOW 13

Muscle mass knee flexors (cm?) SMD —0.20 * 235 Mean strength in intervention was —0.20 higher 21 @000
- Up to 12 weeks (—1.06 to 0.66) ’ (—1.06 lower to 0.66 higher) (1 RCTs) VERY LOW 13

o

Muscle mass elbow ﬂgxors and extensors SMD 1.65 * 107 t0 12 Mean strength in intervention was 1.65 higher 28 HO00O

(cm®) (0.75 to 2.54) Ui (0.75 lower to 2.54 higher) (1 RCTs) VERY LOW 13

Up to 12 weeks

The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI). cm?: Square centimeters; CI:
Confidence interval; SMD: Standard mean difference. * Effects size: 0.2 represents a small effect, 0.5 a moderate effect, and 0.8 a large effect [29]. ! Downgraded by one level due to no randomization process; 2
Downgraded by one level due to inconsistency; 3> Downgraded by one level due to small sample size and wide confidence intervals (imprecision).



Int. J. Environ. Res. Public Health 2021, 18, 11441

4. Discussion
4.1. Summary of Main Results

Our review aimed to determine the effectiveness of the low-intensity resistance train-
ing with blood flow restriction compared to dynamic high-intensity resistance training
on strength and muscle mass in non-active older adults. We included 6 randomized con-
trolled trials in the meta-analysis, revealing that low-intensity blood flow restriction led to
larger significant improvements in muscular strength (MVC test) compared to traditional
resistance training. This larger benefit was reduced to a trend when considering the effect
on the muscle mass (cross-sectional area, in cm) and even disappeared when comparing
differences in muscular strength improvements assessed utilizing the RM test. Particularly,
all these outcomes shared a very low level of certainty due to poor quality study designs
and disparities in the methodological approach.

Notably, subgroup analysis by movement patterns revealed that the above-mentioned
benefit on muscular strength assessed utilizing the MVC was mainly due to the knee
extension pattern.

4.2. Certain of Evidence

The included studies evaluated different resistance training programs with or without
BFR. The protocols in these studies differed in terms of the number of sets and repetitions,
exercises, and muscle groups involved, as well as in the level of occlusion cuff pressure.
Their positions regarding the characteristics of the participants, more specifically on the
functional status, were neither entirely clear, as they previously justify the use of BFR in
older adults with sarcopenia, yet no information on specific diagnostic tests for sarcopenia
was found [15]. Moreover, the functional status of the subjects was determined as inactive
(more than 6 months without physical activity), but older adults are a highly heterogeneous
population [41], and their exercise-response is also heterogeneous [42], which needs further
details. Therefore, the articles included in this review lack clear and unified criteria in the
process of sample selection.

Very low-quality evidence formed all the comparisons in this systematic review. Our
certainty in the evidence was downgraded due to limitations in the risk of bias assessment,
including lack of both randomization process, measurement of the outcome, and selection
of the reported result. The absence of blinding of both participants and investigators can
lead to an overestimation of the effect estimate, although in exercise interventions it is not
easy to blind participants. Of outermost importance, this blinding process is even more
difficult in protocols with blood flow restriction, since if familiarization with the device and
prior measurement of arterial occlusion pressure with Doppler ultrasound (which all the
included studies affirm) have been properly conducted, it is easy to know whether the cuff
is exerting pressure on the involved limb. Blinding the intensity is a challenge. Furthermore,
most of the studies had low numbers of participants, wide confidence intervals, and high
heterogeneity in the effects across them. Importantly, undertaking a sensitivity analysis
to explore these limitations was not appropriate due to the low number of studies, which
could bias any effect estimate.

4.3. Potential Biases in the Review Process

The strength of this systematic review was the use of systematic methods to assess
the certainty of the evidence. An important limitation in the review process has been, as
mentioned above, the heterogeneity of the training and BFR protocols.

Regarding strength training protocols, the number of repetitions was very disparate
among the included studies with a range between 6 and 30 repetitions, including one study
on muscle failure [32]. This high heterogeneity makes a comparison between studies diffi-
cult because the influence of the exercise program on the BFR effect cannot be completely
isolated.
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Another example of the heterogeneity of the protocols is the occlusion pressure. The
included studies used different pressure percentages within the range established by the
current positionings [43], and the pressure was calculated in two different ways. Some
studies used Doppler ultrasound to determine the maximum arterial occlusion pressure
while others applied a pressure value 1.5 times the brachial systolic pressure. It also
happens that some studies used variable occlusion protocols (no pressure exerted in the
recovery periods between series) while the rest were based on a constant pressure during
the entire intervention, making direct comparisons between the results of the studies
difficult.

4.4. Agreements and Disagreements with Other Studies or Reviews

Our findings of low-quality evidence on the effects of BFR on strength and muscle
mass align with those reported by two recent systematic reviews [20,44]. For instance, the
increase in muscle strength was revealed with effect sizes ranging from 0.55 to 4.34 [44].
Aligned with it, Centner et al. [20] found a greater improvement in muscle strength with
pooled effect sizes (ES) of 2.16 (95% CI 1.61 to 2.70). These authors also highlighted a
very low level of evidence for the included studies due to the methodological diversity
and the very small sample of participants. They included profiles of unhealthy subjects,
and they also reported the variability of the profiles due to the high heterogeneity of the
elderly. Similarly to us, these reviews revealed a favorable trend for LI-BFR in muscle mass
gain, however, this effect did not reach statistical significance. Since the methodological
diversity of the above-cited primary reviews [20,44] is similar to ours, we may conclude
that the profile and heterogeneity of the physical condition of the participants, being in this
systematic review and meta-analysis of older adults, may influence the results regarding
LI-BER resistance training. The agreement between their findings and ours could be also
explained by several factors like the control of other important variables, such as the
nutritional status [45].

4.5. Implications for Practice and Further Research

The findings of this systematic review highlight the need for more RCTs, but mostly
with a more defined methodological approach in their interventions, since the disparity of
the protocols is detrimental to the quality of the evidence, as determined by the grading of
recommendations, assessment, development, and evaluation (GRADE). In addition, all the
primary studies included, together with those found in other systematic reviews, analyze
muscular strength gains through specific strength tests, but there is a lack of knowledge
about the effect of LI-BFR on the functional status of the elderly. Of course, it has been
previously proven that increasing strength and muscle mass benefits physical capacity in
older adults [4,8], but future lines of research might include together strength testing some
functional assessments, or even some specific motor tasks and challenges of daily living
activities, to determine the impact of BFR on functional capacity and older individuals’
autonomy.

5. Conclusions

The findings of this systematic review point out that strength training with blood
flow restriction may induce increased muscular strength and muscle mass in non-active
older adults, at least at a similar extent to that in the traditional high-intensity resistance
training. However, caution should be when considering these findings, since the evidence
is very uncertain about the effect of low-load BFR-RT when compared with RT alone on
our outcomes. Further randomized controlled trials with a more defined and standardized
methodological protocol are still required and more research is needed to reach a more
certain conclusion.
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Abstract: Anaerobic power and capacity are considered determinants of performance and are usually
assessed in athletes as a part of their physical capacities” evaluation along the season. For that
purpose, many field tests have been created. The main objective of this study was to analyze the
agreement between four field tests and a laboratory test. Nineteen CrossFit® (CF) athletes were
recruited for this study (28.63 £ 6.62 years) who had been practicing CF for at least one year. Tests
performed were: (1) Anaerobic Squat Test at 60% of bodyweight (AST60); (2) Anaerobic Squat Test
at 70% of bodyweight (AST70); (3) Repeated Jump Test (RJT); (4) Assault Bike Test (ABT); and
(5) Wingate Anaerobic Test on a cycle ergometer (WG). All tests consisted of 30 s of max effort. The
differences among methods were tested using a repeated-measures analysis of variance (ANOVA)
and effect size. Agreement between methods was performed using Bland-Altman analysis. Analysis
of agreement showed systematic bias in all field test PP values, which varied between —110.05
(AST60pp—WGpp) and 463.58 (ABTpp—WGpp), and a significant proportional error in ABTpp by
rank correlation (p < 0.001). Repeated-measures ANOVA showed significant differences among PP
values (F(1.76,31.59) = 130.61, p =< 0.001). In conclusion, since to our knowledge, this is the first
study to analyze the agreement between various methods to estimate anaerobic power in CF athletes.
Apart from ABT, all tests showed good agreement and can be used interchangeably in CF athletes.
Our results suggest that AST and R]T are good alternatives for measuring the anaerobic power in CF
athletes when access to a laboratory is not possible.

Keywords: anaerobic power; peak power; HIFT, high-intensity functional training; crossfit; athletes;
field test

1. Introduction

Anaerobic capacity has been defined as the total amount of ATP re-synthesized, by the
whole body, during a maximal intensity and short duration effort by means of the anaerobic
metabolic pathways [1]. The time interval to best measure the anaerobic capacity is 30 s [2]
since up to 80% of the energy consumed in 30 s of maximal effort comes from anaerobic
sources [3,4]. In addition, in a longer test, individuals tend not to apply the maximum
intensity [5]. There are several laboratory tests to assess the anaerobic performance [6].
However, most are expensive and difficult to perform due to the specific equipment they
require. For that reason, one of the most widely used laboratory tests to assess this ability
is the Wingate test, which consists of pedaling with arms or legs at maximum effort for
30 s against a resistance determined by the participant’s body weight. WG has shown
to be a reliable test, having a test-retest correlation in many populations ranging from
0.89 to 0.98 [7]. Two main variables are determined from this test, peak power (PP) and
mean power (XP). PP is also known as “anaerobic power” and is determined by the peak
mechanical power recorded during the test, normally occurring in the first 5 to 10 s. In
addition, XP is considered by many authors as the “anaerobic capacity” and represents

47



Int. ]. Environ. Res. Public Health 2021, 18, 8878

the average mechanical power maintained during the 30 s, taken at 1, 3 or 5 s periods [7].
Some authors have shown PP and XP to be associate with performance in some team
and individual sports, especially those performed at high intensity or a combination of
low-moderate intensities with higher intensity peaks such as CF [8], surfing [9], alpine
ski [10], soccer [11], track and field athletes [12] and many others.

In order to assess this ability out of the laboratory, numerous field tests, consisting of
different exercises or tasks, have been created. Some of them based on different modalities
of jumps [5,12-16]; running [14,17,18]; squat exercise [14,19,20]; and other exercises such as
skipping [21]. All those tests have been studied in active individuals [17,18,21,22] as well as
athletes of different sports such as soccer [14], volleyball [5,15], track and field [7,12,20,23],
and cyclists [24,25]. They have shown to be valid tools to assess these parameters in
athletes [5,12,18,19].

In the last decade, Functional Fitness Training has become one of the top fitness
trends around the world [26,27]. One of these functional fitness programs, which has
developed into a competitive sport, was branded as CrossFit®. CF is a multimodal high-
intensity functional training program that combines weightlifting, gymnastics and athletics,
among other movements in just one training or competition bout and develops all physical
domains such as endurance, strength, stamina, etc. [28]. The multimodality characteristic of
this sport, combined with the fact that the tests carried out in competition are not previously
announced or standardized, means that CF athletes must be prepared for the unknown
and therefore have an optimal development of all physical capacities such as maximum
strength, stamina, power, speed, cardiorespiratory fitness, etc. [8,29-35]. Additionally, its
intensity component indicates that CF competitors must exhibit a great deal of anaerobic
performance to excel in this sport [29].

When a field test is developed to assess any ability of the athletes throughout the
season, experts attempt to simulate the specific sporting gestures of the discipline for which
it is created (running in soccer, for example). In the case of CF, as a multimodal sport made
up of many elements of different kinds (squatting, jumping, running, lifting, etc.), it might
seem challenging to succeed in choosing a specific exercise that encompasses all the skills
and abilities necessary for this activity and evaluate any capacity accurately. Nevertheless,
taking into account the specific characteristics of these athletes, it may be assumed that any
field test might be a valid and interchangeable tool to assess any of the physical capacities.
Hence, they might show a good performance in any test with jumping, running, cycling,
squatting, etc.

In the current work, to assess the anaerobic performance by different exercises and
determine their validity and level of agreement, four tests were chosen: a continuous jump
test used in previous work by Dal Pupo et al. [5] (RJT), as well as three other tests that, to
our knowledge, have not been used previously: two weighted deep squat tests (AST60
and AST70) at different percentages of the athlete’s bodyweight (60% and 70%) and a test
performed with a particular machine used in CF where upper and lower limbs are used
simultaneously called Assault Bike® (ABT).

In CF athletes, some authors have evaluated the physiological determinants of per-
formance in [8,30-35]. Most of them using laboratory tests to assess both the aerobic or
anaerobic capacities and comparing the results with those obtained in standardized CF
workouts. However, no study of agreement between field methods has been found. There-
fore, the main purpose of this study is to analyze the agreement between four different
modalities of field test measuring anaerobic performance (AST60, AST70, RJT and ABT)
against the gold standard, Wingate test, in CF athletes.

2. Materials and Methods
2.1. Participants

Nineteen CF participants volunteered to participate in this study, approved by Malaga
University Ethics Committee (CEUMA: 43-2018-H). They were experienced athletes who
followed the same competitors’ training program and had competed in some national or in-
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ternational competition. Data collection was carried out over four weeks off-season. Except
for the rest periods established before each test, the athletes followed their regular training
regimen throughout those weeks. They were asked to stop taking any supplementation
or performance-enhancing products one week prior to data collection. The participants
were recruited and tested in a local CF center. All participants provided written informed
consent. As inclusion criteria, a minimum of one year of CF practice was established.
Any participants with the presence or suspicion of any cardiac pathology, suffering or
having suffered recently any musculoskeletal injury or any other condition that prevented
exercising properly were excluded. Descriptive data are shown in Table 1.

Table 1. Descriptive data of the sample (1 = 19).

Mean SD

Age (years) 28.63 6.62
Height (cm) 176.18 5.34
Body Mass (kg) 81.67 6.43
Body Mass Index (kg/m?) 26.29 1.34
Fat Mass (kg) 24.71 6.35

Fat Mass (%) 20.10 5.18
Muscle Mass (kg) 35.03 3.74
Muscle Mass (%) 42.87 2.69
Lean Body Mass (kg) 56.95 10.02
Lean Body Mass (%) 79.90 5.18

2.2. Study Design

A cross-sectional study was conducted over four weeks. Despite the fact that all
participants were familiar with the exercises in all tests, a familiarization session was
also scheduled during the first two weeks. All trials were separated by at least 48 h and
performed at the same daytime to avoid the effects of circadian rhythms [36]. Participants
were also advised to refrain from any strenuous physical activity in the previous 24 h of
each trial. Tests performed were: (1) Anaerobic Squat Test at 60% of bodyweight (AST60);
(2) Anaerobic Squat Test at 70% of bodyweight (AST70); (3) Repeated Jump Test (RJT);
(4) Assault Bike Test (ABT); and (5) Wingate Anaerobic Test on a cycle ergometer (WG).
Tests order execution was randomly assigned. The chronology of the tests is shown in

Figure 1.

Familiarization

Familiarization

Test 1 ][ Rest ][ Test 2 ][ Rest ][ Test 3
Test 4 ][ Rest ][ Test 5 ][ Rest ][ Rest

Figure 1. The chronology of the tests.
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2.3. Procedures
2.3.1. Anthropometry, Body Composition and Other Physiological Variables

On the first day, to detect any possible cardiac pathology, all participants underwent
an electrocardiogram assessed by a qualified physician. Furthermore, some anthropometric
data were taken; height, by a wall-mounted stadiometer (SECA® 206; SECA, Hamburg,
Germany) with a precision of 1 mm and body mass, by a scale with a precision of 100 gr
(SECA® 803; SECA, Hamburg, Germany). Additionally, body composition was measured
by a Medisystem Multifrequency Impedanciometer (Sanocare Human System SL, Madrid,
Spain). Participants were asked to go fasting or without consuming any drink or food for
at least 4 h, not having consumed alcohol in the last 48 h nor diuretics in the last 7 days
or having performed strenuous physical activity in the previous 12 h [37]. Before the
measure, they remained supine for 5 min with the upper limbs positioned about 30 degrees
apart from the trunk and the lower limbs about 45 degrees apart [38]. Fat mass in kg
was estimated according to Segal’s formula [39], Lean body mass in kg was calculated by
subtracting fat mass from total body mass and muscle mass in kg according to Janssen’s
formula [40]. Body composition variables were also calculated as a percentage (Table 1).

2.3.2. All-Out Anaerobic Tests
Anaerobic Squat Test (AST60 and AST70)

The AST consisted of 30 s at the maximum effort of deep squats with a percentage of
the participant bodyweight. The maximum number of squats had to be performed within
that interval. Deep squat was established as a squat in which the iliac crest is below the
highest part of the knee in its lowest position, and the leg, thigh and trunk segments are
fully aligned at the highest position (Figure 2).

Figure 2. Full squat movement requirements. (A): start position; (B): lowest position; (C): final position.

The equipment used was a standard olympic lifting set composed of a 20 kg barbell,
plates between 5 and 15 kg, with increases of 5 kg, and fractional discs from 0.5 and 2.5 kg,
with 0.5 kg increments, from Xenios Usa® (Xenios Usa LLC, New York, NY, USA). The
power of each repetition was registered by Beast® accelerometry sensor (Beast technologies)
attached to the participant’s wrist through a bracelet “ad hoc” (see Figure 3) and data
processed by its smartphone application. Beast® sensor has shown to be a valid and reliable
tool to measure full-squat values [41]. Two trials with different loads were executed, 60%
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(AST60) and 70% (AST70) of participant bodyweight. Participants were weighed before
each trial to determine the barbell load, rounded to the closest 0.5 kg. As a warm-up, they
started with five minutes easy run, followed by one set of ten repetitions with an empty
barbell, two more sets of ten repetitions with the assigned percentage and finished with
5 min easy run. Afterwards, a 5 min interval for recovery was established and used to set
the accelerometry sensor. At the count of 3,2,1... “Go!” the participant began to work at
maximum effort, trying to execute as many squats as possible, being verbally motivated by
the examiner throughout the test. To cool down, they were asked to easy walk for 5 min.

Figure 3. Beast sensor placement on the athlete’s at right wrist.

Peak power (PP), mean power (XP) and minimal power (MP) were determined.
Fatigue index (FI), understood as the loss of power during the 30 s interval, was calculated
by the following formula FI (%) = (PP — PM/PP) x 100 [7].

Repeated Jump Test (R]T)

As previously described by Dal Pupo et al. [5], this test consisted of the maximum
number of countermovement jumps in 30 s at the maximum height. Before the trial,
participants warmed up with 5 min easy run, 3 sets of 10 forward jumps, 3 sets of 5 vertical
jumps and 5 additional minutes easy run. Afterwards, a 5 min interval was established to
rest and set the sensors. At the count of 3,2, 1 ... “Go!” the participant started to jump
as high and fast as possible. In order to keep the maximum intensity, the participant was
encouraged by the researchers during the whole interval. Right after the test, they were
asked to easy walk for 5 min to calm down. Jumping variables were registered by a Polar®
V800 with Running Bluetooth® Smart. This sensor has been shown to be valid and reliable
to determine jumping variables [42]. PP, XP, MP and FI were determined.

Assault Bike Test (ABT)

This test was performed with an Assault Bike® Classic model (Assault Fitness Prod-
ucts; Carlsbad, CA, USA). The Assault Bike® is an air-resisted bike with the peculiarity of
using both upper and lower extremities simultaneously (Figure 4). This machine has gained
its popularity by being used by most CF centers and official competitions worldwide. The
test consisted of 30 s at maximal effort. It began with a 15 min warm-up of cycling at
50 rpm (approximately 176 watts). Next, a 5 min recovery interval was established. The
test was carried out from a static position without any inertia. To facilitate the initial start,
the crank of the dominant leg was previously set to 45 degrees.
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Wingate Anaerobic Test (WG)

The wingate anaerobic test is considered the gold standard when measuring the
anaerobic capacity and consists of 30 s at maximum speed on a cycle ergometer with
a constant resistance of 0.075 kp per kg bodyweight [7]. The test was executed with a
Monark 828E cycle ergometer (Monark Exercise AB, Vansbro, Sweden) calibrated before
each trial. Since trials were completed in morning-time (between 9:00 am and 2:00 pm), the
warm-up was extended from 5 to 15 min, as proposed by Souissi et al. [36]. To warm up, all
participants were asked to ride at 50-70 rpm at 1 kp (50-70 watts) for 15 min. Afterwards,
they took a 5 min recovery interval. Straightaway, at the count of “3, 2,1 ... Go!” the
participant started to ride as fast as possible. The researcher motivated them verbally
during the whole time. A 5 min recovery ride at a warm-up pace was set to calm down.
Every 5 s, power values were registered. PP, XP, MP and FI were determined.

Figure 4. Assault Bike® Classic.

2.4. Statistical Analysis

The Statistical Package for the Social Sciences (SPSS 21, IBM Corp., Armonk, NY, USA)
and MedCalc Statistical Software (MedCalc 18.6, MedCalc Software Ltd., Ostend, Belgium)
were used to carry out statistical analyses. The level of significance was set at p < 0.05.
Data were checked for normality by the Shapiro-Wilks analysis, and the agreement for the
PP of the four methods was performed by using Bland—Altman analysis [43]. In order to
evaluate the proportional error, Tau Kendall’s rank correlation of the difference and mean
of every method paired with WG was carried out. Previously, variables of difference and
mean were computed for each pair. Furthermore, the differences among PP, XP, MP and
IF of the five methods were tested for statistical significance (p < 0.05) using a repeated-
measures analysis of variance (ANOVA). When a significant difference was found, post
hoc 2-tailed paired t-tests to determine which values were significantly different were used.
The Bonferroni adjustment was applied to keep the overall significance level at 0.05. The
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assumption of sphericity was tested using Mauchly’s test. Additionally, the pairwise effect
size was calculated by Cohen’s d using G*Power 3.1.9.6 software.

3. Results

All variables showed a normal distribution in Shapiro-Wilks analysis (p => 0.05),
except for RJTxp (p = 0.001) and RJTpp (p = 0.022). Since the sphericity was violated,
Greenhouse—Geisser corrected results are reported (¢ = 0.44). The repeated-measures
ANOVA showed significant differences among PP values, (F(1.76,31.59) = 130.61, p =< 0.001).
Pairwise effect sizes are shown in Table 2. Additionally, absolute PP, XP and MP values
of the AST60 and AST70 tests were slightly lower than the reference test. AST60 PP, XP
and MP underestimated WG values by —110.05 (—14.12%), —101.07 (—15.20%) and —94.11
(—17.37%) watts, respectively. AST70 also underestimated WG values by —75.11 (—9.64%),
—68.38 (—10.29%) and —56.16 (—10.37%) watts. In addition to the minor underestimation,
the differences between AST70 and WG remained quite regular among all power values,
around 10%, which was the only test that showed not statically significant differences by
ANOVA test and showed the smallest effect size in all variables (Table 2).

Table 2. Absolute values of peak, mean, minimal power and fatigue index of the tests.

PP XP MP FI
Mean (£SD) 4 d Mean (+SD) P d Mean (+SD) P d Mean (+SD) P d
AST60 668.84 (£98.05) 0.001 1.11 563.59 (£91.06) 0.001 1.20 447.63 (£98.64) 0.007 0.94 33.47 (£8.78) 1.0 0.30
AST70 703.79 (£112.94) 0.052 0.73 596.28 (£121.61) 0.182 0.60 485.58 (£111.84) 0.627 0.46 31.43 (£10.03) 1.0 0.13
RJT 1122.11 (+97.70) <0.001 540  1057.90 (£154.65) <0.001 3.56 921.95 (£113.29) <0.001 4.69 17.79 (£7.25) <0.001 1.39
ABT 124247 (£249.82)  <0.001  2.68 95071 (£151.36)  <0.001 2.82  803.84 (£89.51) <0001 399  33.73(£9.98) 0570 047
WG 778.89 (£102.30) 664.66 (£73.08) 541.74 (£50.42) 29.71 (£8.39)

AST60, anaerobic squat test at 60% of body weight; AST70, anaerobic squat test at 70% of body weight; R]JT, repeated jump test, ABT,
assault bike test; PP, peak power; XP, mean power; MP, minimal power; FI, fatigue index; SD, standard deviation; p, ANOVA p-values; d,
pairwise effect sizes.

In contrast, the homologous absolute values RJT and ABT were notably higher. With
an overestimation of RJT values of 343.22 (44.06%), 393.24 (59.16%) and 380.21 (70.18%),
and ABT values of 463.58 (59.52%), 286.05 (43.04%) and 262.10 (48.38%) (Table 2).

In addition, Bland—Altman’s analysis of agreement showed systematic bias in all field
test PP values (p > 0.05). The smallest difference between all PP values and WGpp was
observed for the AST70 with an underestimation of —75.11 watts (95% CI, —124.80, —25.41).
AST60 also underestimated PP by —110.05 watts (95% CI, —157.74, —62.36). Nevertheless,
the other two tests, RJT and ABT, overestimated PP by 343.22 watts (95% CI, 312.63, 373.80)
and 463.58 watts (95% CI, 380.18, 546.98), respectively.

Furthermore, only a significant proportional error was found in ABTpp by Tau
Kendall’s rank correlation (Table 3 and Figure 5d).

Table 3. Agreement analysis results.

Bias Limits of Agreement Kendall’s Tau Absolute Percentage Error
Method
Diff 95% CI r Lower 95% CI Upper 95% CI P Median 95% CI
AST60—WG —110.05 —157.74 to —62.36 0.0001 —303.98 —386.95 to —221.00 83.87 0.90 to 166.85 0.25 14.86% 12.00 to 17.77
AST70—WG —~75.11 —124.80 to —25.41 0.0052 —277.19 —363.65 to —190.72 126.98 40.51 to 213.44 0.89 12.20% 6.87 to 17.22
RIT—WG 343.22 312.63 to 373.80 <0.0001 218.84 165.62 to 272.06 467.59 414.38 to 520.81 0.58 42.19% 37.65 to 49.16
ABT—WG 463.58 380.18 to 546.98 <0.0001 124.44 —20.67 to 269.55 802.72 657.61 to 947.83 <0.001 59.48% 49.41 to 70.87

AST60, anaerobic squat test at 60% of body weight; AST70, anaerobic squat test at 70% of body weight; R]T, repeated jump test, ABT,
assault bike test; CI, confidence Interval.
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Figure 5. Bland—Altman’s plots representing differences (Y axes) and mean (X axes) of measurements between: (a) AST60
and WG; (b) AST70 and WG; (¢) RJT and WG; (d) ABT and WG.

4. Discussion

The main purpose of the present study was to evaluate the agreement between the
five methods to assess anaerobic power in CF athletes. Since to our knowledge, this is the
first study to analyze the agreement between various methods to estimate anaerobic power
in CF athletes. Bland—Altman’s analysis revealed a systematic bias with a mean difference
that can vary between —110.05 watts (AST60pp —WGpp) and 463.58 Watts (ABTpp—WGpp).
Despite the systematic bias shown by all the field tests compared with the laboratory test,
the results showed good agreement between all methods (p > 0.05) since more than 80%
of the dots on the graph were within the limits of agreement. In contrast, Tau Kendall’s
rank correlation analysis showed a proportional error in ABTpp (p < 0.001), where the
differences were small for low PP values in the range of measurements and become higher
as the true value increases. Additionally, the lowest within-subject variability in all the
variables studied in the present work suggests that the AST70 is a valid field test to assess
the power and anaerobic capacity in CF athletes.

Some of the field tests practiced in this study, such as AST and ABT, have not been
previously used. AST is a test based on the squat exercise tested with two different
percentages of the participants’ body mass (60 and 70). The underestimation of PP absolute
values, supported by the findings of Luebbers et al. [20], suggests that it might be interesting
to replicate the study using higher percentages (75 and 80) to achieve more accurate
agreement. In addition, some studies have shown underestimation of absolute values in a
running test assessed in armed forces operators [21] and cycling athletes [25], as well as
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a kicking test studied in taekwondo athletes [44]. On the other hand, the overestimation
of the RJT PP value is consistent with the findings of Sands et al. [16], where absolute
power values of the Bosco test were higher than WG. In our study, overestimation was also
found in ABT, and it might be due to the simultaneous use of lower and upper limbs to
generate power instead of only the lower limbs as in WG. We have not found any previous
study carried out with this machine that can provide data in this regard. However, the
simultaneous use of the muscles of the lower limbs involved in pedaling and those of the
upper limbs involved in pulling and pushing may suggest a more significant muscle mass
implication and thus a greater capacity to generate power.

The results abovementioned are consistent with the WGpp differences reported by
Gacesa et al. [45] in a comparison testing of maximum anaerobic performance on different
elite athletes. Their findings suggest that the ability to generate power may be dependent
on the activity since the highest values were found in anaerobic predominant sports such
as volleyball, basketball, hockey, boxing, and wrestling, and lower values in soccer, rowing,
and long-distance running athletes, which are predominantly aerobic types of sports. Fur-
ther, some authors have found differences in power values between participants of different
positions in basketball [46] and elite runners of different distances [23]. Consequently, it
might be thought anaerobic power to be related to specific disciplines or attributed to
some degree of specificity of the athletes tested. However, the results shown in the present
study, due to the need of CF athletes to face multiple physical demands with a high level
of intensity, may indicate that these athletes are able to exhibit outstanding anaerobic
performance in tests of different nature (jumping, squatting, cycling, etc.).

Many comparisons or validity studies where authors studied the level of agreement
between only one field test and WG were found. However, a lack of agreement works
between more than one field method and the laboratory test in the literature makes it
difficult to compare our results with any other. Moreover, as mentioned above, most of
their results show some level of under or overestimation of field-test values which may be
attributable to the biomechanical, technical or any other difference in the sporting gesture
used for each test together with the intrinsic characteristic of the athlete tested. Future
studies analyzing the agreement between different task tests may be of interest to find the
cause of that variability and the most suitable field test for each discipline, especially in a
multimodal sport as it is CF.

One limitation of the present work was not considering any other variables, such
as kinematics, that could reflect the different biomechanical or lifting strategies related
to performance in AST or any other test. Future research should aim to record these
variables mentioned above and evaluate the interaction in the outcomes, replicating this
work with other tests composed by other CF-specific exercises or in athletes of different
experience/fitness levels.

In practice, the use of AST70 or RJT as a method to assess the anaerobic power in
CF athletes could provide an alternative for coaches interested in assessing or monitoring
their athletes at any point of the season without the need of taking them to a sports
medicine laboratory.

5. Conclusions

Since to our knowledge, this is the first study to analyze the agreement between
various methods to estimate anaerobic power in CF athletes. In conclusion, our results
show a good level of agreement between all four methods and WG, being greater in AST70,
which suggests that they may be used interchangeably with the exception of ABT. The
proportional error found in ABT might make its use doubtful. Moreover, the results of the
present study suggest that the magnitude of peak power values seems to be dependent on
the type of exercise and athlete characteristics.
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Abstract: Although absolute jump heights should be considered an important factor in judging
the performance requirements of volleyball players, limited data is available on age-appropriate
categories. The purpose of this study is to determine the differences in specific anthropometric
characteristics and jumping performance variables in under—19 female volleyball players in rela-
tion to playing position and performance level. The sample of subjects consisted of 354 players
who prepared for the U19 Women’s Volleyball European Championship 2020 (17.4 £ 0.8 years,
1.81 £ 0.07 m, 67.5 £ 7.1 kg). Playing positions analyzed were setters (1 = 55), opposites (n = 37),
middle blockers (1 = 82), outside hitters (n = 137), and liberos (1 = 43). The results showed player
position differences in every performance level group in variables of body height, spike, and block
jump. Observed differences are a consequence of highly specific tasks of different positions in the
composition of the team. Players of different performance levels are significantly different, with
athletes of higher-ranked teams achieving better results. The acquired data could be useful for the
selection and profiling of young volleyball players.

Keywords: spike jump; block jump; critical threshold; specialization

1. Introduction

Volleyball is a team sport with highly specific tasks and responsibilities for each
player on the court according to player’s position [1-3]. From the beginners’ level and
composition of 6:0, each player goes through a transition period of composition 3:3 and 4:2
to the advanced level of 5:1 team composition, with the highest level of player specialization.
Based on anthropometric characteristics, the skill quality and motor abilities of players
can be talent-identified and assigned to one of the player’s positions [4-12]. The dominant
composition played at the highest level of contemporary volleyball is the 5:1 composition.
The first number denotes the number of the spikers/hitters, while the second number
denotes the number of players who are in charge of the organization of the game in terms
of setting. Accordingly, a contemporary volleyball team is composed of 5 hitters, namely,
an opposite hitter, two outside hitters, two middle blockers, and the one and only player
in charge of the organization of the game—the setter. The “7th” player on the court is a
specialist defensive player—the libero—who replaces the middle blocker in serve reception
and court defense responsibilities. All of them have highly specific and precise tasks.

Through the long-term process of training, talent identification, and selection, players
should distinguish themselves, besides in skill level, in terms of above-average body height,
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upper and lower muscular power, speed, and agility [13]. Vertical jump is a fundamental
part of the spike, block, and serve. At high-level volleyball, jumping is also used while
setting because it reduces the flight time of the ball, speeds up the attack, and makes it
harder for the first line of defense-block to read through the possibilities of the attacking
team. Vertical jump assessment in volleyball is an inevitable part of training and testing
procedures [1,14-21]. In a volleyball 5-set match, players in different positions perform a
range of jumps that go from 65 to 136 jumps. On average, the highest number of jumps is
performed by setters, followed by middle hitters, opposite hitters, and outside hitters [22].
At an elite playing level, a typical match is likely to impose the greatest stress from maximal
jumping on middle players, but the setters also perform a very high number of submaximal
jumps [1].

The purpose of this study is to determine the differences in anthropometric and
jumping performance variables in under-19 women volleyball players in relation to playing
position and performance level. This information could provide significant insight and
reference values for talent identification and evaluation of the training programs applied.

2. Materials and Methods
2.1. Sample

The Confederation European de Volleyball U19 Women’s Volleyball European Cham-
pionship 2020 (CEV U19W ECH 2020) was held in Bosnia & Hercegovina and Croatia from
22-30 August as the first major European competition since the outbreak of the coronavirus
(COVID-19) pandemic. Out of the 12 teams initially planned for the championship, Russia,
Italy, and Germany withdrew from the competition due to COVID-19 travel restrictions
and specific government measures. The subject sample included 354 female volleyball
players from the 12 teams planned for the competition and 3 teams that went through the
1st round of the qualification process for the U19 women’s category.

2.2. Data Collection

All data were retrieved from the CEV U19 Women Volleyball webpage (https://www-
old.cev.eu/Competition-Area/CompetitionView.aspx?ID=1201) (accessed on 11 September
2020).

Displayed data on the official CEV cite for the abovementioned players included
measures of body height, body mass, spike jump, block jump, year of birth, and player
position. Body mass index was calculated based on the values of body height and body
mass. Team level criteria were composed as follows: Level 1, classified 1st—4th, added by
volleyball players from Russia and Italy (CEV U17W ECH 2018 1st and 2nd); Level 2, clas-
sified 5th-8th, added by volleyball players from Germany (CEV U17W ECH 2018 7th); and
Level 3, which consisted of the 9th team of the final standings of the U19 competition (CEV
ranking 17th), added by volleyball players from the 3 teams that played in the 1st round of
qualification (CEV ranking 30th—32nd). Player position criteria were observed through the
role of setter, opposite hitter, middle blocker, outside hitter, and libero (Table 1).

2.3. Statistical Analysis

Descriptive and inferential analyses of the data were done using the software SPSS v.20
(SPSS Inc., Chicago, IL, USA). Multivariate analysis of variance (MANOVA) with an LSD
post hoc test was used to determine the differences in jumping tests and anthropometric
measures (dependent variables) between different playing positions and performance
levels in volleyball (independent variables). Statistical significance was set at p < 0.05.
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Table 1. Number of players in each position and each team, analyzed according to the CEV U19
Volleyball European Championship 2020 data.

Performance Level Setter Opposite Middle Blocker = Outside Libero Y
1. Turkey 5 2 7 15 3 32
2. Serbia 4 2 5 15 3 29
3. Belarus 3 2 5 5 3 18
4. France 4 0 8 8 2 22
* Russia 2 4 6 7 5 24

* Ttaly 3 5 6 11 4 29

Y level 1 21 15 37 61 20 154

5. Poland 4 1 6 8 3 22

6. Bulgaria 5 4 6 13 2 30

7. Croatia 3 3 4 8 4 22

8. Slovakia 3 2 6 7 4 22

* Germany 4 2 6 10 3 25

Y level 2 19 12 28 46 16 121

9. Bosnia a}nd 5 4 5 8 5 o4
Herzegovina

S Sweden 3 1 3 8 2 17

§ Israel 3 1 6 6 2 18

§ Montenegro 4 4 3 8 1 20

Y level 3 15 10 17 30 7 79

Total 55 37 82 137 43 354

* Teams which did non participate in the competition due to COVID restritions. $ Teams which played only the
1st round of qualification.

3. Results

Table 2 presents mean (SD) anthropometric, physical, and age characteristics of junior
female volleyball players regarding position and performance level. The MANOVAs
revealed there are statistically significant differences for player position in 1st (F = 5.69,
p = 0.00, partial eta-squared = 0.19), 2nd (F = 3.62, p = 0.00, partial eta-squared = 0.16), and
3rd performance level groups (F = 3.41, p = 0.00, partial eta-squared = 0.22) for body height
(1st £ =50.12, p = 0.00, partial eta-squared = 0.58, 2nd f = 24.77, p = 0.00, partial eta-squared
=0.46, and 3rd f = 26.90, p = 0.00, partial eta-squared = 0.59), body mass (1st f = 14.68,
p = 0.00, partial eta-squared = 0.28, and 2nd f = 8.06, p = 0.00, partial eta-squared = 0.22),
body mass index (2nd f = 2.71, p = 0.03, partial eta-squared = 0.09), spike jump (1st f = 23.99,
p = 0.00, partial eta-squared = 0.39, 2nd f = 7.70, p = 0.00, partial eta-squared = 0.21, and
3rd f = 3.70, p = 0.01, partial eta-squared = 0.17), and block jump (1st f = 15.70, p = 0.00,
partial eta-squared = 0.30, 2nd f = 6.78, p = 0.00, partial eta-squared = 0.19, and 3rd f = 3.21,
p = 0.02, partial eta-squared = 0.15).

Significant position-related differences in the best performance group in terms of
body height are evident in all positions except between opposite and middle blocker
players (post hoc LSD p = 0.54), with greater values of both opposites and middles in
comparison with outside hitters, after whom are setters and libero players. For spike
and block jumps, there are no significant differences between players in the positions of
opposite and middle blocker (post hoc LSD for spike p = 0.24 and block 0.06) as well as the
middle blocker and outside hitter (post hoc LSD for spike p = 0.11 and block 0.42), while
there are statistically significant differences between opposites and outside hitters (post hoc
LSD for spike p = 0.02 and block 0.01), with better results for opposite players. In all other
mutual relations, there are statistically significant differences in the following order: from
opposites, middles, outside hitters, setters and libero players, from best to worst results in
spike and block jump. In the 2nd performance group, there are no significant differences
between opposites and outside hitters in body height, spike, and block jump (post hoc
LSD for body height p = 0.72, spike 0.28, and block 0.32). In the lowest performance group
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(3rd) of young volleyball players, differences in the abovementioned variables between
positions are even less pronounced significant differences are not observed, although it was
expected otherwise (for example, between setters and opposites, post hoc LSD for spike
p = 0.97 and block 0.40).

Table 2. Anthropometric, physical, and age characteristics of junior female volleyball players regarding position and

performance level.

Performance 1 ) Middle .14 . 5
Level Setter Opposite Blocker 3 Outside Libero )
1 1.81 £ 0.06° 1.88 +£0.0314° 1874+0.04'45  1.84+0.0415 1.71 + 0.05 *1.83 £ 0.07
Body height 2 1.78 £ 0.06° 1.84+0045  1.87+£005%5 1830050 1.73 & 0.04 *1.82 +0.07
(m) 3 1.77 £ 0.03° 1.81 4 0.06 1.834+0.04 45 178 £0.045 1.62 + 0.05 *1.78 +0.07
Y 1.79 + 0.05 $1.85+0.05 $1.86 +£0.05 1824005 $1.71+£0.06 1.81 4+ 0.07
1 6844707 7214555 7334+ 5945 703 +5.6° 615+5.1 *69.8 + 6.8
2 63.8 £5.0 66.6 +7.1° 71.3 £ 7.0 1245 65.8+55° 62.1+43 *66.3 + 6.5
Body mass (kg) 3 652+ 6.9 65.9 + 10.9 67.8+ 6.3 64.6 + 6.3 583+ 5.6 65.0+ 7.3
v 66.0 + 6.5 68.6 + 8.1 1715+ 6.6 f675+62 61.2+5.1 675471
1 21.0 £ 2.0 205+ 1.3 21.0+14 208 + 1.6 209 +1.3 208 +1.6
, 2 201+ 1.4 19.7 £ 1.8 203+ 164 195+ 1.2 207 £ 154 *200+1.5
BMI (kg/m™) 3 207 +1.8 201423 203+ 1.6 204418 22.1+1.8 20.6 £ 1.8
Y 20.6 +1.8 20.1+ 1.7 20.6 + 1.6 1203116 21.0+15 205+ 1.6
1 2.89 +0.09° 3.044+0.12145 3,004 0.09 15 297 £0.101° 2.77 £ 0.11 *29540.13
o 2 2.87 £0.10° 2.90 £0.10° 2954+0101°  294+0.121° 2.78 £0.16 *2.9140.13
Spike jump (m) 3 2754+ 0.16° 27540215 2.81+0.16° 2.844+0.165 2.59 +0.15 *2.78 £0.18
Y 2.8440.13 $292+0.19 $295+0.13 $293+0.13 12744015 290+ 0.15
1 2.75 +0.09° 292 +£0.11%5  285+0.161° 2.83 £0.101° 2.63 £0.14 *2.80 £0.15
) 2 2.76 £0.105 2.77 £0.105 2.83+£0.101° 2.80 £0.115 2.65+0.16 *2.78 +£0.13
Block jump (m) 3 2.65 4 0.185 2.58 £ 0.28 2.70 £ 0.20° 2.71 £0.185 244 4021 *2.66 & 0.21
Y 273 +£0.13 278+ 0.22 12814016 $2794+0.13 $2.61+0.17 2.76 +0.17
1 17.7 + 0.6 17.0 £ 1.0 175+ 0.8 17.3 £0.9 17.6 £ 0.7 174+0.8
2 17.6 + 0.5 17.2 + 0.8 17.4 4+ 0.6 17.3 + 0.9 17.4 + 0.7 174 + 0.8
Age (years) 3 175+ 0.9 169 + 1.1 17.4 +0.7 17.2 £0.9 174 +0.8 17.3 £ 0.9
)3 17.6 + 0.7 17.0 + 1.0 175+ 0.7 17.3 + 0.9 17.5 4+ 0.7 174 + 0.8

Significantly different from: 1_Setter; 2—Opposi’te; 3_Middle blocker; *—Outside; °>—Libero; *—significantly different by player position;
f—significantly different by performance level.

The MANOVAS revealed there are statistically significant differences by performance
level in the player position of opposites (F =2.23, p = 0.02, partial eta-squared = 0.31), middle
blockers (F = 2.87, p = 0.00, partial eta-squared = 0.19), outside hitters (F = 5.77, p = 0.00,
partial eta-squared = 0.21), and libero players (F = 2.03, p = 0.03, partial eta-squared = 0.25).
Univariate analysis showed that there are statistically significant differences in the observed
variables: for opposites, in body height (f = 7.52, p = 0.00, partial eta-squared = 0.31), spike
jump (f = 12.04, p = 0.00, partial eta-squared = 0.41), and block jump f = 12.22, p = 0.00,
partial eta-squared = 0.42); for middle blockers, in body height (f = 6.13, p = 0.00, partial
eta-squared = 0.13), body mass (f = 4.49, p = 0.01, partial eta-squared = 0.10), spike jump
(f=17.90, p = 0.00, partial eta-squared = 0.31), and block jump (f = 5.39, p = 0.01, partial
eta-squared = 0.12); for outside hitters, in body height (f = 23.67, p = 0.00, partial eta-
squared = 0.26), body mass (f = 13.19, p = 0.00, partial eta-squared = 0.17), body mass
index (f = 8.93, p = 0.00, partial eta-squared = 0.12), spike jump (f = 10.96, p = 0.00, partial
eta-squared = 0.14), and block jump (f = 7.65, p = 0.00, partial eta-squared = 0.10). Based on
the post hoc LSD test, we can observe that the 1st and 2nd group of opposites, middles,
outsides, and liberos, in comparison to the 3rd group, have greater values of body height
and better results of spike and block jump. In the player position of opposites, there are also
statistically significant differences between 1st and 2nd performance levels. Differences
in the varied performance levels of setters with greater values of body height and better
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results of spike and block jump of the 1st performance level in comparison to 2nd and 2nd
in comparison to 3rd are observed, although they are not statistically significant.

Finally, Table 3 reports position-specific normative centile values for anthropometric
characteristics in terms of body height and sport-specific jumping abilities in absolute
values, i.e., spike jump and block jump.

Table 3. Position-specific normative centile values of body height, spike jump, and block jump for junior female volleyball
players.
Setter Opposite Middle Blocker Outside Libero
Bh SJ BJ Bh SJ BJ Bh SJ BJ Bh SJ BJ Bh SJ BJ

+ 5 171 253 245 173 249 220 178 271 257 174 273 260 158 245 232
3 10 173 271 258 176 263 247 180 279 268 176 279 267 164 253 240
2 25 1.75 278 266 182 283 269 182 288 275 180 285 271 166 266 250
% 50 1.79 28 275 185 294 283 18 297 282 182 295 280 170 274 260
g 75 181 293 280 188 3.03 29 18 3.04 291 18 3.01 28 175 285 276
% 90 186 3.00 288 191 3.09 300 192 3.09 298 188 3.09 295 178 295 282
A~ 95 191 3.01 29 192 319 303 19 311 300 19 315 3.00 180 298 285

Values of body height, spike jump, and block jump are presented in meters.

4. Discussion

The aim of this study is to investigate the anthropometric characteristics and vertical
jumping abilities of junior female volleyball players according to player position and
performance level. The main results of our study are as follows:

(a) there are statistically significant differences by player position in every performance
level group in the variables of body height, spike jump, and block jump.

(b) Significant position-related differences in the best performance group in terms
of body height are evident in all positions except between opposite and middle blocker
players, with greater values of both opposites and middles in comparison to outside hitters,
followed, in order, by setters and libero players. In the variables of spike and block jumps,
there are no significant differences between players in the positions of opposite and middle
blocker, as well as middle blocker and outside hitters, while there are statistically significant
differences between opposites and outside hitters, with better results from opposite players.
In all other mutual relations, there are statistically significant differences in the following
order: from opposites, middles, outside hitters, setters till the libero players, and from
best to worst results in spike and block jumps. In the 2nd performance group, the same
conclusions were derived with the addition that in this group, there were no significant
differences between opposites and outside hitters in body height, spike jump, and block
jump as a consequence of the lower values of opposites of the 2nd performance level group
in comparison with the 1st performance level group, which were leveled to the values of
the outside hitters. In the lowest performance group (3rd) of young volleyball players,
differences in the abovementioned variables between positions were even less pronounced
and non-significant.

(c) There are statistically significant differences by performance level, with greater
values of body height and better results of spike and block jumps of the 1st and 2nd group
of opposites, middles, outsides, and liberos in comparison to the 3rd group. In the player
position of opposites, there are also statistically significant differences between 1st and 2nd
performance levels. Differences in the varied performance levels of setters with greater
values of body height and better results of spike and block jumps of the 1st performance
level in comparison to 2nd and 2nd in comparison to 3rd are observed, although they are
not statistically significant.

Based on the results of the present research, the data showed that there are statistically
significant differences in body height and absolute values of spike and block jumps between
positions in volleyball. These findings are in accordance with research conducted by
different authors [1,3,23], and they are within expectations due to player tasks on the court.
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At the same time, numerous studies that had taken into account the relative values of
jumping abilities did not find any differences between player positions except for body
height values [2,24-26]. Consequently, we can see on the basis of the norms of absolute
values (Table 3), which is the critical height that athletes should reach. Elite volleyball
players need to reach the threshold in the absolute values of spike and block jumps for
specific positions. Such can be achieved either on the count of above-average body height
and/or relative values of vertical jump in order to reach that threshold. Those players with
a lower body height can compensate for their lack by an above-average jumping ability
for the particular position that is targeted. In Table 3, we can see to which extent it should
be expected. In such a manner, differences in relative jumping abilities between player
positions are possible [19].

In this respect, relative vertical jumping ability is of great importance in volleyball
regardless of the players’ position, while absolute vertical jump values can differentiate
players not only in terms of player position and performance level but in their career
trajectories. However, maximum jump height performance in each and every jump, either
in the spike or in the block, is neither necessary nor expedient. Due to player adaptation
of their efforts to the game situation and efficacy of their performance throughout the
game, the intensities of attack jumps at maximal capacity varies from 55-90% [27]. A
higher contact height in the attack motion involves a better incidence angle of the opponent
court [28]. Differences between the values of spike and block jumps, with the greater reach
of spike jumps, are due to the type of the approach (frontal vs. lateral) and how the ball
is contacted (one hand vs. both hands simultaneously). The fact that the aim of block
performance is to increase the area by which we limit attacker options, the player needs
to place both hands simultaneously on the ball when performing the block. Additionally,
the reason for such height discrepancies between spike and block jumps is that the first
is executed individually while a block must be performed by two or three players in a
coordinated manner in which players need to adjust and harmonize their temporal and
spatial actions.

Player specialization, i.e., determining the player’s position, is a complex and long-
term process. Based on the player’s characteristics and abilities, coaches should assign
the player a role on the court that would maximize the player’s contribution to the team.
Coaches may sometimes encounter resistance from players due to their affinities, but
the specialization process should be approached thoroughly. Talent identification and
development is a process based on an understanding of the tasks and responsibilities of the
player regarding their position (Table 4) as well as a consideration of the body measures
and abilities associated with sports performance. In pursuit of elite performance, it is of
great importance to differentiate between the trainable and non-trainable qualities of a
player [29-31].

Table 4. Player’s role and subsequent tasks in volleyball according to their position.

Setter Opposite Middle Outside Libero

Serve v v v -
Serve reception - - - 4 v

Setting v (II-111) - - - -
Spike AviL i  ILIERLIIV) I IV, VI3 R110) -
Block I II G 1IV) (V, 111, ID) v ;1 -
Backcourt I I v VI v

defense

v/ Performed task by role, roman letters indicate the field zone in which such task can be performed. ! Setters do
not perform spikes, but are allowed in certain situations: setter positioned in Zone IV, Zone III, and Zone II. 2R1,
setter in Zone I: opposite player performs spike from Zone IV, while outside hitter performs spike from Zone II. 3
R1, setter in Zone I: as a response to an opponent’s counterattack, the opposite player performs a block from Zone
IV while the outside hitter performs a block from Zone II. # if setter is not able to perform setting due to previous
contact with the ball, middle blocker or libero could help.
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A spike is the most attractive and efficient way of scoring a point. The success of
this action depends on height of contact, ball direction, and ball speed. The main factors
that determine the height of contact are standing height reached, which consists of body
height and arm length, and ability to jump and reach, which consists of the ability of a
player to perform technical elements in the most efficient way in terms of the utilization of
motor abilities, namely, explosive muscular power. For the height of contact, the ability to
jump and reach is usually monitored in volleyball [15]. With the exception of liberos, every
player may spike.

Throughout the years, as demonstrated in the European and World Championships,
there has been an increase in the use of the power jump serve in both men’s and women’s
volleyball [32]. With the change in rules and the introduction of the Rally Point System,
the serve as a skill has become a mighty tool for scoring a point and not just for entering
the rally in the competition of two teams. Even when a team does not score a direct or
ace point, through a powerful power jump serve, it can reduce the possibilities of attack
from the opponent team and facilitate the organization of a counterattack. Therefore, while
performing spikes, power serves (which is very similar to the spike technique), and blocks,
volleyball players should possess above average body height in combination with the
power and force of lower extremities in executing simple vertical jumps.

Because of the similar requirements in spike and block jumps for opposite (main hitter)
and middle blockers (main blocker), the shorter outside hitters, in order to reach the critical
threshold, must make up for their lack of height and standing reach by exhibiting superior
relative jump heights. In this respect, absolute jump heights of spike and block are of great
importance when judging the performance requirements of outsides. Those players who
did not reach these thresholds cannot play at the elite level of volleyball on the position
of outsides. Hence, these players were left out during the transition from junior to senior
levels of competition, which resulted in their playing career coming to an end. Because of
their exquisite skillfulness in serve reception and court defense, in order to keep them in
the team and improve the game, in 1998, there was a change in rules and the introduction
of the libero player.

Our study was able to identify differences between various playing positions in terms
of body height and absolute vertical jump for both spike and block in elite junior female
volleyball players. However, the main limitation of this study is that all data were retrieved
from the data displayed by the official CEV site from the competition of the U19 Women’s
Volleyball European Championship 2020.

5. Conclusions

Player specialization, i.e., determining the player’s position, is a complex and long-
term process. Based on the player’s characteristics and abilities, coaches should assign the
player a role on the court that would maximize the player’s contribution to the overall
quality of the team. During that process, it is important to differentiate between the
trainable and non-trainable qualities of a player.

Based on the results of this research, the data shows that there are statistically signif-
icant differences in body height and absolute values of spike and block jumps between
positions in volleyball. Relative vertical jumping ability is of great importance in volleyball
regardless of the players” position, while absolute vertical jump values have the power
to differentiate players not only in terms of player position but also in performance level.
The higher the performance level of the team, the lower the intra-positional differences
in terms of height, spike jump, and block jump, and some other factors become decisive
(e.g., technical-tactical skill and knowledge, decision-making quality, performance under
pressure).

Deficit of body height for a particular position can be compensated by jumping ability
only to some extent. The relatively large sample of subjects in our study is composed of
elite (1st group), good (2nd group), and lower levels of performance (3rd group) of U19
women volleyball players. In pursuit of excellence and competition on the elite senior level,
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they need to reach the threshold for their age and particular position in terms of absolute
spike and block jumps based on the normative values presented.
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Abstract: Despite a reduction in the maximal voluntary isometric contraction (MVCjgop,) observed
systematically in intermittent fatigue protocols (IFP), decrements of the median frequency, assessed by
surface electromyography (SEMG), has not been consistently verified. This study aimed to determine
whether recovery periods of 60 s were too long to induce a reduction in the normalized median
frequency (MFgyig) of the flexor digitorum superficialis and carpi radialis muscles. Twenty-one
road racing motorcycle riders performed an IFP that simulated the posture and braking gesture on a
motorcycle. The MVCjgom was reduced by 53% (p < 0.001). A positive and significant relationship
(p < 0.005) was found between MFg)\G and duration of the fatiguing task when 5 s contractions
at 30% MVCigom were interspersed by 5 s recovery in both muscles. In contrast, no relationship
was found (p > 0.133) when 10 s contractions at 50% MVC were interspersed by 1 min recovery.
Comparative analysis of variance (ANOVA) confirmed a decrement of MFgyc in the IFP at 30%
MVCisom including short recovery periods with a duty cycle of 100% (5 s/5 s = 1), whereas no
differences were observed in the IFP at 50% MVCjson, and longer recovery periods, with a duty
cycle of 16%. These findings show that recovery periods during IFP are more relevant than the
intensity of MVCjgom. Thus, we recommend the use of short recovery periods between 5 and 10 s
after submaximal muscle contractions for specific forearm muscle training and testing purposes in

motorcycle riders.

Keywords: handgrip; carpi radialis; flexor digitorum superficialis; neuromuscular fatigue; motorcy-

cle; recovery

1. Introduction

Simulation of highly repetitive intermittent muscle contractions present during motor-
cycle competitions is currently under investigation because of their relationship with the
development of clinically significant conditions, especially in the hand /forearm. These
conditions, characterized by pain and loss of the hand or forearm function, are defined as
exertional compartment syndrome [1-4]. They frequently lead to long periods of illness
in motorcycle riders, especially in those participating in endurance competitions such as
24 h races, where they must brake more than 4000 times and make 10,000 gear changes [5].
Similar pathological patterns can also occur among workers in the manufacturing indus-
try [6]. The fact that many athletes, manual workers, and musicians must endure their
mechanical work over long periods of time, muscle contraction intensities that characterize
each activity explains the large number of studies focused on neurophysiological fatigue of
the forearm muscles [7-11]. These muscles are involved in a great variety of repetitive grip
tasks that can lead to neuromuscular fatigue and functional impairment when these tasks
become chronic. Thus, it is important to obtain better knowledge and understanding of the
mechanisms involved in these physiological situations to prevent forearm syndrome.
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When assessing human muscle fatigue with superficial electromyography (sSEMG), the
power spectrum displacement towards lower frequencies has been extensively documented
in continuous fatiguing protocols (CFP), in which submaximal voluntary contractions are
maintained until exhaustion [9,12-16]. Intermittent fatiguing protocols (IFP) have also
been extensively studied because intermittent contractions at different intensities are very
common in the everyday life of the majority of workers and athletes [17,18]. Consequently,
when comparing both types of fatiguing tasks (CFP versus IFP) specifically adapted to
motorcycle riders [9], IFP showed a stronger relationship with the level of motorcyclist
forearm discomfort compared to CFP [9].

The relative intensity of the contraction with respect to maximal voluntary isometric
contraction (MVCijgom ) registered in a non-fatigued condition (%MVCisom) is a key factor
that modulates muscle fatigue. Studies looking at CFP confirmed that the higher the
intensity of the effort, the shorter the time to task failure [14,16,19], obviously because of
the lack of recovery periods. Moreover, it has been generally observed that %MV Cigom, and
the time to task failure (also called time limit) have a significant effect on the decrement
of sEMG frequency (MFgpmG) and increment of the sSEMG amplitude (RMSgpg) [14,15,20].
A reduction in MFgyi was observed during CFPs at 10% MVC [21,22], 25% MVC [22-24],
30% [21], 40% [9,21,24], 60% [25], 55, 70, 80, and 90% of MVC [24]. Nevertheless, some
caution is recommended in regard to MFgpg because %MV Cigom, should not be considered
as a definitive factor explaining the absence of a reduction in MFgyg during fatiguing
protocols [24,25].

A second factor that is necessary to consider when measuring fatigue is the duration
of the effort or exertion time. It is known that the duration of fatiguing tasks at a constant
relative submaximal %MVCisom is negatively associated with MV decrements, reach-
ing the maximal point at time to task failure [26]. Duration of the effort induces a linear
decrement of MFgy\ig [14,24,27] whose slope may differ slightly depending on the muscle
group and type of movement [15,16,20,21]. With %MVCisn, and duration of the effort as
the main triggers of fatigue in CFPs, the greatest MFr)\ig decrements were observed at
longer durations due to lower %MVCs [28].

A third factor must be taken into account in IFP: the duration of the recovery inter-
spersed between muscle contractions. Controversial MFgy g results have been observed
when applying IFPs, despite the lower MVCigop, recorded at the end of such fatigue proto-
cols. For example, some authors, but not all [29,30], reported a reduction in MFgpg during
an IFP [31,32]. MFgyg was similar to pre-fatigue values with different work-rest cycles,
whatever the intensity used in the IFP, [22]. These results are consistent with the findings
of Mundale [28], who also studied the factors that lengthen the endurance time of an IFP. It
seems that the duration of the recovery period could be one of the key factors explaining the
disparity in MFgpjg results, particularly among IFPs. Looking at motorcycle riders, we [5]
observed no significant MFgyg decrement throughout a 24-h motorcycle endurance race
despite the significant decrease in MVCjgop. Following the recommendation of previous
studies [33-35], we took care not to exceed an interval of 4-5 min between the end of each
relay and the handgrip assessment. The lack of MFgyig decrement led to conclude that
this interval was too long. According to these findings, we decided to compare an IFP and
CFP specifically adapted to motorcycle riders [9]. The lack of a reduction in MFgyg in the
IFP suggested that rest cycles were too long, achieving basal values of MFgy g between
the work cycles. These findings are in agreement with another study by Krogh-Lund and
Jorgensen [23] that compared two pairs of fatiguing sustained isometric contractions at 40%
MVCisom separated by different rest intervals. They found that the MFg) g at the start of the
second contraction did not recover to pre-fatigued values when the rest interval was less
than 1 min, [23]. Other studies reached similar conclusions when they used intermittent
contractions [24,25,36], suggesting that a MFgy g shift toward the pre-fatigue state occurs
independently of the contraction intensity (25-50%) [36].

Some authors [37] suggest that the validity of the spectral shift of the sSEMG signal
in assessments of fatigue must be taken with caution because a clear MVC decrement is
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sometimes weakly reflected in the sEMG signal [38]. This is supported by studies that used
IFP to assess muscle fatigue [29,30,39,40]. In contrast, the usefulness of the sSEMG signal for
studying muscle fatigue in occupational field studies [41] is supported by other studies
that reported a reduction in MFgy\ig with IFP [31,32]. These overall discrepancies between
studies suggest that the combination of different, contraction-relaxation periods, effort
intensities (%MVCjsom), muscle groups, and other non-controlled or non-reported factors,
are critical to understanding muscle fatigue in IFPs [18,22,42].

Therefore, this study aimed to verify in road racing motorcycle riders whether the
recovery period performing an IFP matching the braking movement was more relevant
than the contraction intensity and effort duration in two forearm muscles (flexor digitorum
superficialis and carpi radialis). We hypothesized that MFpyg will not decrease during
the contractions performed at 50% MVCisom because they are preceded by long recovery
periods. On the contrary, MFgyc recorded at 30% MVCjsom and during a shorter exertion
time (5 s) may decrease due to short recovery periods (5 s).

2. Methods
2.1. Subjects

Twenty-one road racing motorcycle riders aged 29.1 + 8.0 years (body mass: 72.1 + 5.5 kg;
height: 176.2 & 4.9 cm) participated in this study. Of these riders, 48% were winners
within the Spanish and/or World Championships and 24% were on the podium of the
Championship at the end of the season over the previous 6 years. The remaining 28%
participated in races at the regional level with at least 5 years of racing experience. The
study was approved by the Clinical Research of the Ethics Committee for Clinical Sport
Research of Catalonia (Ref. number 15/2018/CEICEGC) and written consent was given by
all the participants. The data were analyzed anonymously, and the clinical investigation
followed the principles of the Declaration of Helsinki.

2.2. Procedures

Before the assessment, the brake lever to handgrip distance was adjusted to the
participant’s hand size to ensure that hand placement in relation to the brake was similar
across all subjects. Afterwards, during the familiarization period, the subject practiced six
to ten submaximal non-stationary contractions while watching the dynamometric feedback
displayed on the PC screen, while the researcher provided feedback about how to interpret
the auditory and visual information. A continuous linear feedback and a columnar and
numerical display showed the subject the magnitude of the force they exerted against
the brake lever. In addition, a different tone was provided depending on the force level.
Dynamometric and sEMG signals were recorded and these signals were synchronized with
an external trigger. Five minutes before the beginning of the intermittent fatigue protocol
(IFP), two MVCison trials separated by a 1-min rest were performed to provide a baseline
value of MVCjgom. The 1-min resting period between the two MVCigoms was considered
sufficient to avoid fatigue from the previous contraction [43,44]. The higher MVCjsor, was
recorded as the basal value of that day and used to calculate the submaximal efforts (50%
and 30% of the maximum). During the IFP, the subject adopted the “rider position” with
both hands on the handlebar.

2.3. Sequence and Structure of the IFP

The intermittent protocol comprised a succession of a maximum of 25 rounds. Each
round comprised two sections (Figure 1A). Section one consisted of six 5-s voluntary
contractions of 30% MV Cjgop,, with a resting period of 5 s between each contraction. Section
two comprised a 3-s MVCjsom followed by a 1-min resting period and a 50% MVCisom
maintained for 10 s. During the 1-min resting period subjects were in the seated position
with their hands resting on their thighs.

71



Int. ]. Environ. Res. Public Health 2021, 18, 7926

A

O

>

=
Warning of the 30% 30% 30% 30% 30% 30% Restin 50%

beginning of the of of of of of of eriodg
protocol MvC MVC MVC MvC MvC MVC p MvC
Duration 5s 5s 5s 5s G5l 5s BASE 5s 5s 5s 5s 5s 5s 3s 60 s 10s
Section One Section Two

Period of intermitent submaximal contraction (60 s of duration) Max] Rest ] 50%

— _
B ~

Structure of each round (Succession of 25 rounds as maximum)
Maximal duration of the test: 55'42"

Normalization of the rounds for each subject

A
' TNy
Example: subject "X" accomplishes 20 rounds

Rounds ' 1 2 3 4 6 10 1" 12 13 14 15 16 17 18 19 20

5 7 8 9
25% irelalive round 1i 50% irelah’ve round 2i 75% irelative round 3i 100% (relative round 4

Figure 1. (A): Description of the sequence and structure of the intermittent protocol. Auditory feedback was provided to
ensure the exact duration of each contraction and resting period. (B): Represents an illustration of a subject who performed
20 rounds, which means that each one of the four successive relative rounds is composed of five rounds.

Intensities ranging from 10% to 40% of MVC have previously been used to carry out
a continuous or intermittent fatigue protocol [18,22,45]. A sequence of 30% of MVCisom
was finally adopted after consulting with expert riders (exclusively, winners of races at the
national and world level) who agreed about the perception of applying approximately this
percentage of force during very strong braking in real situations.

Section two was designed to replicate an experimental protocol from one of our
previous studies of motorcycle riders [5]. The test stopped when the subject was unable
to maintain the established 50% of MVCjsom for 10 s, or the concurrent MVCigon was 10%
lower than 50% of the MVCjgom value. The number of rounds achieved by each subject
was used as a performance measure.

2.4. Dynamometric Assessment

To simulate the overall position of a rider on a 600-1000-cc racing motorcycle, a static
structure was built to preserve the distances between the seat, stirrups, and particularly the
combined system of shanks, forks, handlebar, brake and clutch levers, and gas (Figure 2).
As it happens in a road race motorcycle, levers tilt, distances between levers and handle gas,
and distance between the handlebar and seat were modified according to the ergonomic
requirements of the rider (Figure 2).

The subjects were asked to exert a force against the brake lever (always the right
hand) using the second and third finger to hold the lever half way, and the thumb and
other fingers grasping the handgrip at the same time, which is the most common way of
braking of road racing motorcycle riders (Figure 2). Both arms had a slight elbow flexion
(angle 150-160°), forearms half-pronated, wrist in neutral abduction/adduction position
and alienated with respect to the forearm, dorsal flexion of the wrist no bigger than 10°,
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Continuous

lineal

and legs flexed with feet above the footrests; in short, the typical overall position of a rider
piloting a motorcycle in a straight line.

Column
feedback

o b :

Figure 2. Simulation of the overall position of a rider above a motorcycle race from 600 cc to 1000 cc. A static structure was

built to preserve the distances between seat, stirrups, and particularly the combined system of shanks, forks, handlebar,

brake and clutch levers, and gas.

Special attention was given to controlling the handgrip position, and the wrist, elbow,
and trunk angles to avoid any modification of the initial overall body position during
the test. One experimenter supervised the recording of force and sEMG signals, and
another continuously checked the maintenance of body position. It has been reported
that variations in body posture [46] and wrist angles [47] alter the behavior of the forearm
muscles during handgrip force generation.

To measure the force exerted against the brake lever we used a unidirectional gauge
connected to the MuscleLab™ system 4000e (Ergotest Innovation AS, Stathelle, Norway).
The frequency of measurement was 400 Hz, and the loading range was from 0 to 4000 N.
The gauge (Ergotest Innovation AS, Norway), with a linearity and hysteresis of 0.2%, and
0.1 N sensibility, was attached to the free end of the brake lever in such a way that the
brake lever system and the gauge system laid over the same plane and formed a 90° angle
approximately when the subject was exerting force. The MVC at the end of the IFP was
compared to the MVC in the pre-fatigued state. The 30% and 50% MVC contractions were
used for sSEMG analysis.

2.5. Electromyography

A ME6000 electromyography system (Mega Electronics, Kuopio, Finland) was used to
register flexor digitorum superficialis (FS) and carpi radialis (CR) EMG signals. Adhesive
surface electrodes (Ambu Blue Sensor, M-00-S, Ballerup, Denmark) were placed 2 cm
apart (from center to center) according to the anatomical recommendations of the SENIAM
Project [48,49]. The raw signal was recorded at a sampling frequency of 1000 Hz. Data were
amplified with a gain of 1000 using an analog differential amplifier and a common-mode
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rejection ratio of 110 dB. The input impedance was 10 GQ). A Butterworth bandpass filter
of 8-500 Hz (-3 dB points) was used. To compute the median frequency (MFgy\ig, Hz), Fast
Fourier Transform was used with a frame width at 1024, a shift method of 30% of the frame
width, and the “flat-topped” windowing function. The power spectrum densities were
computed and averaged afterwards to obtain one mean or median for each submaximal
contraction of 30% MVCisom (5 s duration) and 50% MVCigom (10 s duration). Afterwards,
the median frequency (MFgyc) was normalized with respect to the basal condition during
the MVCisom.-

In order to obtain the same number of MFg\g values from the IFP of each indi-
vidual, and for each round and MVCjg,p, intensity, the six 30% MVCisoms of the first
section (Figure 1A) were averaged to obtain one MFpvic (MFrmaGso). Each MFgnvgso was
paired with the only MFgyg of the second section (Figure 1A) obtained from the 50%
MVCisom (MFemGs0)-

2.6. Statistics

Parametric statistics were used after confirming the normal distribution of the normal-
ized parameters used in this study (MVCisom, MFrma30, and MFgnvigsp) with the Shapiro-
Wilk test. Descriptive results were reported as the mean and standard deviation. A paired
sample t-test was used to compare the MVCjgo, in the pre-fatigued state and at the end of
the IFP. Two methodological approaches were used to verify the study’s hypothesis. First,
we used regression analysis for each individual, to study the strength of the relation and
detect possible trends between the number of rounds accomplished (independent variable)
and the MFgnG3p (dependent variable). Second, we used a 2 (time points: T; and Tp) x 2
(muscles: FS and CR) x 2 (%MVCisom: 30 and 50) ANOVA of repeated measures to com-
pare all MFgyg values at the beginning and the end of the IFP, and to study potential
interactions with the two muscle groups analyzed (CR and FS) and the two intensities
that were preceded by distinct recovery periods (5 s for 30% MVCisom and 1 min for 50%
MVCisom). When necessary, the Greenhouse-Geisser’s correction was used if the sphericity
test to study matrix proportionality of the dependent variable was significant (p < 0.05).
Then, when a significant effect was found, a post-hoc analysis was carried out conducting
multiple comparisons between the normalized rounds with Sidak’s adjustment. Partial Eta
squared (np) was used to report effect sizes (0.01 ~ small, 0.06 ~ medium, >0.14 ~ large).
Statistical analysis was performed using the PASW Statistics for Windows, Version 18.0
(SPSS, Inc., Chicago, IL, USA). The level of significance was set at 0.05.

3. Results

At baseline conditions, MVCjsom (276 £ 46.6) was 53% lower than the MVCisop, at the
end of the IFP (147 + 46.3; p < 0.001).

Individual regression analysis (Table 1, Figure 3) was conducted to verify possible
trends between the NMF of the CR and FS and the number of rounds accomplished by the
motorcycle riders during an intermittent fatigue protocol (IFP) at two different intensities
(30% and 50% of MVCjsom). The overall individual regression analysis showed a significant
linear relationship (p < 0.005) between the MFgpg and the number of rounds accomplished
by both muscles when they were exercised at 30% MVCisom (CR39p and FS3p), with pauses of
5 s between each contraction. In contrast, when both muscles were exerted at 50% MVCisom
(CRs5p and FSxp), after 1 min of recovery, no significant relationship was observed (p > 0.133).
The higher correlation observed in CR3p and FSz (r > —0.71) in comparison to CRsy and
FSsy (r < 0.59) supports the hypothesis of a weaker relationship between the MFg\iGs0
and the number of rounds when both muscles had the opportunity to recover for longer
(1 min for CRsg and FSsp). Similarly, the overall individual regression analysis showed that
the fraction of MFg\ g variance, explained by the number of rounds attained during the
intermittent protocol, was bigger with CRzy and FS3q (r* > 0.50) in comparison to CRsg
and FSs (r* < 0.40) (Table 1).
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Table 1. Regression analysis of normalized median frequency (MFgpG, dependent variable), against
the number of rounds (independent variable) accomplished by each rider (n = 21). Muscles analyzed
are the carpi radialis (CR) and flexor digitorum superficialis (FS) at 30% and 50% of MVC.

Error of
n=21 r r Estimate F P

CR Mean —0.756 0.580 0.026 54.163 0.005
30 sd +0.176 +0.266 +0.012 +57.827 +0.009

Cloup 0.758 0.583 0.027 54.954 0.006

CI i 0.753 0.576 0.026 53.372 0.005

CR Mean 0.594 0.397 0.045 28.046 0.133
50 sd +0.284 +0.302 +0.019 + 43913 +0.295

Clowp 0.598 0.401 0.045 28.647 0.137

CI ¢ 0.590 0.393 0.045 27.445 0.129

FS Mean —0.711 0.504 0.022 27.659 0.005
30 sd +0.152 +0.214 +0.008 +23.267 +0.007

Cloup 0.713 0.507 0.022 27.977 0.005

CI s 0.709 0.501 0.002 27.341 0.004

FS Mean —0.542 0.338 0.033 20.524 0.158
50 sd +0.283 +0.290 +0.016 + 31.906 +0.288

Cloup 0.546 0.342 0.033 20.960 0.161

CI ¢ 0.539 0.334 0.033 20.087 0.154

Pearson coefficient correlation (r), R squared (r%), error of the estimate, F-statistics (F), level of significance (p),
degree of freedom (df: 1, 10-23). The minor number of accomplished rounds was 10. Five riders succeeded to
perform all 25 rounds of the intermittent protocol.
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Figure 3. Example of a comparative regression analysis of an individual. Regression of the carpi radialis (CR) and flexor
superficialis digitorum (FS) at the two intensities: (A) is 30% of MVCisom, and (B) is 50% of MVCigom; both used in the
intermittent protocol.

In addition to the regression analysis performed for each individual, Table 2 reveals
that a greater number of riders satisfied better levels of statistical condition in CR3y and
FS3p in comparison to CRsp and FSsy. Moreover, the higher correlation values (r > 0.70) and
higher levels of significance (p < 0.001) were associated with higher frequency values in
CR3p and FS3g, while lower correlation values (r < 0.39) and lower levels of significance
(p > 0.05) were associated with a higher number of riders in CRsp and FSsy.
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Table 2. Frequency table. Number of motorcycle riders who match the condition reported in the
individual linear regression analysis. Normalized median frequency (MFgpiG) was the variable taken
for analysis against the number of rounds accomplished during the intermittent fatigue protocol.

n=21 r p
>0.70 0.40-0.69 <0.39 <0.001 0.001-0.05 ns
CR3 13 8 0 14 7 0
CRs 10 7 4 10 7 4
FS3 13 8 0 12 9 0
FSso 7 7 7 9 5 7

Figure 3 is an example of the regression analysis carried out in one subject showing
higher MFgp values for the CR in comparison to the FS. Moreover, at 50% MVC, the
MFgpmc of the CR never dropped below the MFgy g level established during the basal
assessment (Figure 3B), which is consistent with the comparative results (Table 3).

Table 3. 2 (Time) x 2 (Muscles) x 2 (% MVCjgom) ANOVA of repeated measures between the
beginning (T;) and the end (T) of the intermittent fatiguing protocol (IFP). The parameter of analysis
is the normalized median frequency (MFgy\G) of the Carpi Radialis (CR) and Flexor Digitorum

Superficialis (FS).
Effect F df P n%p Paired Comparisons P

TxInxM  20.04 1,20 <0.001 0.5 T1 & Ty: FS3p < CR3p; FSs59 < CRsg <0.001
T1: CR30 > CR5(]; Tzl CR3O < CR50 <0.002
CR3g: T1 > Ty; CRgp: T1 < Ty <0.001

T x In 33.6 1,20 <0.001 0.63 Ingp: Ty > T <0.001
11’1502 T] < Tz <0.024

TxM 0.74 1,20 ns 0.04

InxM 3.02 1,20 ns 0.13

T 1.43 1,20 ns 0.07

In 28.58 1,20 <0.001 0.59

M 42.43 1,20 <0.001 0.68

Time (T), Intensity (In) of 30% MV Cisom (Inzp) and 50% MVCisom (Insg), Muscle (M).

The second methodological approach was used to determine whether less intense
and shorter muscle contractions (30% MVCjgsom instead of 50%; 5 s instead of 10 s) could
induce bigger MFgyc decrements in the CR and FS. The second objective was to determine
whether the two muscles (CR and FS) had a similar MFgyG decrement due to fatigue. Thus,
we compared two times of measurement (T; and T;), two muscles (CR and FS) and two
contraction intensities (30% and 50% of MVCisom) (Table 3).

A significant three-way interaction was found (p < 0.001) with a large effect size
(m?p = 0.5) (Table 3). Paired comparisons found lower values for the FS than the CR at
both times and both intensities. Moreover, we observed a higher MFgyG in the CR muscle
at 30% MVCisom (CR3p) than at 50% MVCisom (CRsp) at the beginning of the IFP, but the
opposite response was observed at the end. Finally, regarding the CR, while MFgpG was
lower at the end than at the beginning of the IFP at the 30% MVCisom (CR3p), the opposite
was observed at the 50% MVCjgom exertion (CRsg) (Table 3).

In addition, a significant two-way interaction was found between the time and
MVCisom intensity (time per intensity) with a large effect size (n?p = 0.63), but not for
the other interactions (time per muscle, and intensity per muscle) with a small and medium
effect size, respectively (Table 3). The MFgyc was higher at the beginning than at the end
of the IFP when both muscles were exerted at 30% MV Cisom, but no significant differences
were observed when they were exerted at 50% MVCjgom. Finally, we observed a significant
main effect for intensity and muscle factor (Table 3).
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4. Discussion

The MVCjsom decrement observed in our IFP confirmed the occurrence of muscle
fatigue as this physiological phenomenon is commonly defined as the “loss of the maximal
force-generating capacity” [37,50]. From a functional and neurophysiological point of
view, and according to the literature, the decrement of the SEMG power spectrum is
related, among other factors, to: (1) a reduction in the conduction velocity of the active
fibers [35]; (2) impairment of the excitation—contraction coupling [27] related to metabolic
changes that occur during fatigue [51]; (3) the recruitment of new units [52], based on
the knowledge that subjects with a high relative number of fast twitch fibers may have
higher sEMG frequency values [53], and that during fatigue, they show a greater shift
towards lower MFg\g compared to subjects with a low relative number of fast twitch
fibers [54]; (4) structural damage to muscle cells when muscle soreness is reported by the
subjects [18]; (5) other reactions taking place beyond the muscle cell membrane [55], based
on observations that short resting periods between each muscle activation are sufficient to
maintain the neuromuscular excitability at normal levels during IFP. It must be highlighted
that this study did not intend to explain the changes in MFg\g induced by fatigue from a
physiological perspective, we were focused on the relationship between the MFgpg and
the two factors controlled in our IFP: the load intensity and the work-rest cycle.

High variability of MFgpg values at low loads has been attributed to the influence of
the number of recruited muscle fibers and the synchronism and firing rate [56]. According
to this, it could be more difficult to find a significant pattern at 30% MV Cjson, rather than
50% MVCisom, but we found that the MFgp G of the CR and FS decreased more consistently
throughout the IFP when the muscles were exerted at 30% MVCjgom in comparison to
50% MVCisom. The regression analysis of each individual revealed systematically stronger
correlations, coefficients of determination, and statistical significance with CR3y and FS3g
in comparison with CR5p and FSsy. Moreover, participants reported a stronger relationship
between the number of rounds accomplished and the MFgyig at 30% MVCigon, rather than
50% MVCjgom, in both muscles that were assessed. In agreement with this, we found a
higher and more significant MFg\ g decrement when the participants performed the IFP at
30% MVCigom, which may suggest different neuromuscular fatigue patterns between the
CRsp and FSsy during the IFP [9]. If force intensity was the only one factor explaining these
differences, it would be difficult to argue that time to exhaustion of any fatigue protocol
would be longer when muscles work at higher intensities. As expected, other studies
proved the opposite [22,23,57]. Moreover, when studying the magnitude of fatigue in two
different IFPs at two different intensities (25 and 50% MVCigom), Seghers and Spaepen [42]
observed very similar relative MFgyg decrements in the two muscles analyzed (IFP at
25% MV Cigom: 29%, and 30%; IFP at 50% MVCisom: 29%, and 28%), when sustaining an
isometric contraction at 75% of prefatigued MVCison at the end of both protocols [42]. On
the other hand, whereas the same authors observed a significant negative slope of the
MFgpmG during the IFP at 25% MVCigom, during the IFP at 50% MVCigon, the slope did
not differ significantly from zero. It is possible that the differences in MFgyig changes
during the two IFPs could be more related to differences in their work-rest cycles (10 + 10 s
in 25% MVCigom and 5 + 15 s in 50% MVCigopn,) than in the contraction intensity. In
rock climbers, the significant reduction in the MFg\g observed during an intense IFP
(80% MVCigom) [58], with a work-rest cycle of 5 + 5 s (same cycle as in our IFP for the
30% MVCigom), indicates that the majority of the frequency components of the MFgyig
are unaffected by tension [24]. Thus, we believe that the key point for understanding
the different MFp\g patterns during our IFP must be the resting period before the two
intensities. Only 5 s of recovery were interspersed between braking muscle contractions of
the forearm at 30% MVCigon, compared to the 60 s (1 min) at 50% MVCigom. This clearly
indicates that MFgyig can be explained to a greater extent when the riders have a very
short recovery time despite a smaller contraction intensity (30% MVCigom instead of 50%
MVCisom) and a shorter contraction time (5 s for 30% MVCjgom instead of 10 s for 50%
MVCigom). Similar results were reported by Nagata et al. [25].
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Nevertheless, it is important to highlight that these authors used a continuous fatigue
protocol in which the force was maintained at an intensity of 60% MV Cigon until exhaustion,
which substantially differs to the IFP in our study.

Before undertaking this study, it was not evident that 1 min of recovery before the
50% MVCigom could be long enough to allow a systematic recovery of the MFgy; towards
baseline levels (pre-fatigued). The MFgy\g recovery curve towards pre-fatigued values
can be characterized by an exponential function [59-61], as well as a logarithmic course
characterized by large inter-individual variations [61,62]. Therefore, a large proportion of
the MFgpG spectrum recovery corresponds to the first 1 min of the exponential recovery
curve [21,23,43,44,59-63]. However, depending on the fatigue protocol, this does not
mean full restoration comparable to pre-fatigued or basal MFgyg values. Following the
completion of ten cycles of work/rest (10 s/10 s) at MVCigom, Mills [59] observed that the
mean power frequency of a compound muscle action potential evoked by supramaximal
nerve stimulation required 3 min to recover 50% of its initial values. Three to six minutes,
depending on age, are sometimes necessary to recover the pre-fatigued MFgy values
of the abductor digiti-minimi muscle after a MVCiso exertion maintained until 50%
MVCisom [64]. Other studies [62,65,66] have confirmed that the majority of the MFgyig
spectrum is re-established after 1 and 3 min of recovery, but full recovery it may take until
the fifth minute [23,62]. Interestingly, Krogh-Lund and Jorgensen [23] observed that the
restoration of MFgpg paralleled that of conduction velocity for the last 4 min of recovery.
Regarding the first part of the exponential recovery curve, 35 s were sufficient to allow
restoration of 50% of the decline in MFgyg during the previous fatigue protocol [61],
but a longer interval (1.4 min) was required to reach 50% of pre-fatigued values for the
biceps brachii [67]. Faster MFgyig recovery (up to 85% of the pre-fatigued state during
the first minute) was found by Krogh-Lund [21] in the brachioradialis and biceps brachii
muscles. Nevertheless, the standard error of the measurement (about 60 s) reported
by Elfving et al. [61], which was much larger than the average recovery, reflects the
large between-subject variability of the MFp\g parameter when studying the recovery
phase. The inconclusive results reported in the literature combined with the accepted
large variability that characterizes this type of analysis, support the idea that different
combinations of IFP (contraction intensities and durations of contraction and relaxation)
to assess muscle fatigue can provide different results [42]. Thus, although it is difficult to
compare sEMG data from different studies it is even more complicated when the protocol
involves voluntary exercise [37]. The fact that the physiological mechanisms causing
muscle fatigue are specific to the task [68], should encourage future studies looking at road
racing motorcycle riders to focus on the specific conditions of the forearm muscles, in order
to understand better pathologies such as exercise-induced compartment syndrome.

The main limitations of this study were that effort duration, contraction intensity,
and recovery time were not separated in different IFPs. Ideally, swapping these three
factors would mean that riders had to attend the laboratory on at least six occasions to
undertake different IFPs and following a randomized protocol. However, this approach
was not feasible in the current study due to the busy racing and training schedules and
other commitments of the population of this study.

5. Conclusions

This study reproduced, in the most accurate way and under laboratory conditions, the
braking action in road racing motorcycle riders to investigate different work-rest cycles
during an IFP. For training purposes, we recommend using short recovery periods between
5 and 10 s after submaximal muscle contractions as the most effective way to induce muscle
fatigue than intermittent tasks performed at higher intensities and with longer recovery
periods. That is, much less than 1 min for the resting time (no more than 30 s) according to
the results of previous studies [21,23,43,44,60,61,63]. Furthermore, contraction intensities
above 50% MVCjgom may not be useful for road racing motorcycle riders since only around
30% MVCisom is required to break in real conditions when they have to slow down at
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high speed (more than 270 km/h) to connect a straight line with a slow curve [9]. Muscle
contraction times longer than 10 s are not useful either to match road racing requirements,
so protocols involving this type of contraction are not recommended for these individuals.
Finally, accelerations with the right hand promote hand dorsal flexion and the assessment
of both movements (braking and acceleration) have not been combined in a single IFP. This
must be taken into account in future studies to match the real conditions of road motorcycle
racing in laboratory settings. This knowledge is needed to enhance our understanding of
the most appropriate stimulus (muscle contraction intensities and recovery periods) to be
applied within the training programs of road racing motorcycle riders in order to mimic
racing conditions and to reduce the risk of muscle pathologies such as the forearm chronic
exertional compartmental syndrome.
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Abstract: Purpose: To investigate the effects of interval training (IT) as compared with continuous
training (CT) on cardiorespiratory fitness and exercise tolerance of patients with heart failure (HF),
with the aim to provide reasonable exercise prescriptions for patients with HE. Methods: Through
searching electronic databases, randomized controlled studies were collected. The included studies
were evaluated for methodological quality using the Cochrane risk of bias assessment tool, and
statistical analyses were carried out using Review Manager 5.3 and Stata MP 15.1 software. Results:
A total of seventeen randomized controlled trials (i.e., studies) with 617 patients were included. The
meta-analysis showed that IT can improve a patient’s peak oxygen uptake (VO2peak) (MD = 2.08,
95% CI 1.16 to 2.99, p < 0.00001), left ventricular ejection fraction (LVEF) (MD =1.32, 95% CI 0.60 to
2.03, p = 0.0003), and 6-minute walk distance (6MWD) (MD = 25.67, 95% CI 12.87 to 38.47, p < 0.0001)
as compared with CT. However, for respiratory exchange ratio (RER) (MD = 0.00, 95% CI —0.02 to
0.03, p = 0.81), CO, ventilation equivalent slope (VE/VCO2 slope) (SMD = 0.04, 95% CI —0.23 to
0.31, p = 0.75), and resting heart rate (HRrest) (MD = 0.15, 95% CI —3.00 to 3.29, p = 0.93) there were
no statistical significance. Conclusions: The evidence shows that IT is better than CT for improving
the cardiorespiratory fitness and exercise tolerance of patients with HE. Moreover, an intensity of
60-80% peak heart rate of IT is the optimal choice for patients. It is hoped that, in the future, more
well-designed studies would further expand the meta-analysis results.

Keywords: interval training; continuous training; heart failure; meta-analysis

1. Introduction

Heart failure (HF) is a common disease with an increasing prevalence worldwide
and it is characterized by a low five-year survival of 35-55% [1], which affects cardiac
function, exercise tolerance, and the daily life of patients [2,3]. Cardiac rehabilitation is
defined as a set of activities that aims to provide patients with heart disease with the
best physical, mental, and social conditions, therefore, reducing the risk of death and
acute events related to their illness [4]. Previous studies have demonstrated that cardiac
rehabilitation with physical exercise was beneficial to physical fitness, cardiac function,
and quality of life in HF patients [5,6]. At present, various exercise programs are widely
applied to cardiac rehabilitation, in which continuous training (CT) and interval training
(IT) are the main forms of exercise [7,8]. CT is defined as continuous training with low
and moderate intensity exercises that are performed for more than 20 min without resting
intervals. IT is characterized by relatively high-intensity repetitions of physical activity with
periods of rest for recovery [9]. It has been widely demonstrated that CT improves aerobic
capacity, skeletal muscle function, and quality of life. In addition, it can change peripheral
blood flow and decrease mortality rate [10-12]. However, CT as an exercise program can
be tedious for the patients, which results in the exercise effect being unsustainable [13].
Therefore, IT has been increasingly used in cardiac rehabilitation for HF patients [7,14]. IT
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leads to greater improvements in aerobic capacity, left ventricular function, endothelial
function, and quality of life [15,16]. In addition, IT for patients with HF appears to be more
effective than CT for improving functional capacity [17]. However, there continues to be
disagreement on whether or not IT and CT can significantly improve the cardiac function
and functional capacity of patients with cardiovascular disease; the effectiveness between
the two exercise programs is similar and it cannot be distinguished which exercise program
is better [18,19].

Some previous studies have shown that the two exercise programs were effective in
cardiac rehabilitation of HF patients [4,20]. However, due to differences in subjects and
intervention programs, the conclusions were still controversial. Neil compared the effect
of IT and CT in patients with HF, and showed that IT elicited superior improvements in
peak oxygen uptake (VO2peak) and CO, ventilation equivalent slope (VE/VCO2 slope)
as compared with CT in HF patients [20]. VO2peak has been considered to be the best
predictor of survival in cardiovascular diseases and it has been used in many previous
studies to measure patients’ cardiorespiratory fitness [17-21]. The VE/VCQO2 slope is
inversely related to cardiac output at peak exercise and is at least partly explained by a
decrease in pulmonary perfusion [22]. This prognostic parameter related to cardiac function
has been chosen consistently in HF patients [18,20,23-27]. Bruna (2019) suggested that high
intensity interval training was more effective than moderate continuous interval training
for improving VO2peak, while the effect was not significant for improving left ventricular
ejection fraction (LVEF) between the two exercise programs [4]. LVEF is a sensitive index
that directly reflects the left ventricular ejection efficiency and indirectly reflects myocardial
contractility [19,28]. Because of its close association with HF, the prognostic value that the
LVEF consistently demonstrates is not surprising [19,20,23,26,27,29,30]. The number of
included studies was inadequate (only five studies) in the above two studies, which were
not enough for them to state whether IT was superior to CT. Mansueto (2018) suggested
that high intensity interval training was superior to moderate continuous interval training
for improving VO2peak in HF patients with reduced ejection fraction but the superiority
disappeared when they performed a subanalysis [31]. The aim of this systematic literature
review with meta-analysis was to synthesize the most up-to-date evidence to explore the
effects of IT and CT on cardiorespiratory fitness and exercise tolerance of patients with HF.
The specific objectives were:

1. To compare the effects of IT and CT on cardiorespiratory fitness and exercise tolerance
of patients with HF (subanalysis with different durations and isocaloric consumption).

2. To compare difference high or moderate intensities of IT on cardiorespiratory fitness
and exercise tolerance, to provide an optimal exercise prescription for patients with
HF.

3. To collect rehabilitation recommendations for future research on this topic.

2. Methods
2.1. Literature Search

A systematic literature review was conducted in Pubmed, Embase, Cochrane library,
Web of Science, China Biomedical Literature Database, China National Knowledge Infras-
tructure, VIP Database, and Wanfang Data. The randomized controlled trials were collected
between the earliest available date and April 2021 using the following terms: (high intensity
interval training OR high-intensity intermittent exercise OR sprint interval training OR
aerobic interval training OR interval training) AND (heart failure OR congestive heart
failure OR myocardial failure OR heart decompensation OR cardiac insufficiency). In
addition, the references of articles included in other systematic reviews with meta-analyses
were searched to identify other possible eligible studies.

2.2. Study Selection

The inclusion criteria for this meta-analysis were full-text research articles published
in peer-reviewed academic journals in Chinese or English language. The exclusion criteria
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were: (1) patients with unstable HF, (2) non-randomized controlled trials, (3) outcome
measurements that did not meet the requirements, (4) a significant difference between the
baseline values of the two groups (p < 0.05), (5) patients who had no medical supervision
during the exercise intervention.

Two researchers independently screened the literature by reading the titles and ab-
stracts and excluded irrelevant studies. Then, they independently collected and down-
loaded the studies that met the standards and excluded the unqualified studies by reading
the full text. Differences in the assessment of study eligibility were resolved by discussion.

2.3. Measured Outcomes

The primary outcome measurement was changes in VO2peak (mL/kg/min). Sec-
ondary outcomes included cardiorespiratory fitness parameters (i.e., respiratory exchange
ratio (RER), LVEEF, and resting heart rate (HRrest)) and exercise tolerance parameters (i.e.,
VE/VCO2 and 6-minute walk distance (6MWD)).

2.4. Data Extraction and Analysis

All data were independently extracted by an investigator and checked for accuracy by
another reviewer. The collected data included authors’ names, year of publication, country
in which the study was conducted, characteristics of participants, intervention description,
outcome, and quality assessment.

2.5. Quality Assessment

The study quality was assessed by two authors using Cochrane Handbook for Systematic
Reviews of Interventions 5.0.1 which included selection bias, performance bias, detection
bias, attrition bias, reporting bias, and other biases. Disagreements were resolved by
consensus [32].

2.6. Statistical Analysis

Statistical analyses were performed using Review Manager 5.3 (Nordic Cochrane Cen-
tre, Copenhagen, Denmark) and Stata MP 15.0 (StataCorp, Pyrmont, Australia). Effect sizes
for continuous variables were expressed as either mean difference (MD) or standardized
mean difference (SMD), each with 95% confidence interval (95% CI). The heterogeneity
among studies was examined with Cochrane’s Q and I2 statistics, in which values greater
than 50% indicated significant heterogeneity and random-effects model was chosen [33].
The overall effects were considered to be significant when p-values (p) were <0.05. A sensi-
tivity analysis with one-by-one removal of studies was conducted to investigate possible
effects of each study on heterogeneity and overall effect. Finally, Egger’s regression model
was used to assess publication bias.

3. Results
3.1. Identified Studies

The initial research resulted in 1356 references. After duplicates were removed, the
titles and abstracts of 726 studies were reviewed. Following a screening of potential studies,
672 studies were excluded, and 54 studies were retrieved in full text, 37 studies of which
did not match the eligibility criteria. The final seventeen studies were included in the
meta-analysis (Figure 1).
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Figure 1. Flow diagram of literature selection.

3.2. Study Characteristics

The characteristics of included studies are shown in Tables 1 and 2 and the method-
ological quality of each study is shown in Figure 2. The seventeen studies involved a
total of 617 patients (316 IT and 301 CT) with HF [17-20,23-27,29,30,34-39]. Among these
studies, two studies each were conducted in Brazil [19,27], France [17,26], Greece [40,41],
Italy [18,24]. Norway [34,37] and Turkey [25,36], one study each was conducted in the
America [29], Australia [20], Bulgaria [27], China/Taiwan [35] and England [29]. Interven-
tion duration ranged from 3 to 24 weeks with a frequency of exercise training ranging from

2 to 5 days per week.
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Table 1. Characteristics of the studies included in the meta-analysis.

Characteristics of Patients

ualit
Study Country Sa:?%lé TS)ize G(‘;/;(li:;er Age (yea;% )(Mean + DiagnosisHSIgandard of Outcome As?essmint
Dimopoulos IT (9/1) IT (59.2 + 12.2) HErEF VO2peak, VE/VCO2
2006 [34] Greece 24 (14/10) CT (14/0) CT (615 + 7.1) Pg;;’gf Slope, HRrest 4
Roditis IT (10/1) IT (63 + 2) HFrEF VO2peak, VE/VCO2
2007 [35] Greece 21(11/10) CT (9/1) CT (61 + 3) HFmrEF Slope, HRrest 4
2007 129 Norway 18 9/9) N T oaat1d HFrEF e et 3
Smart . IT 8/2) IT (59.1 + 11) VO2peak, RER,
2011 [20] Australia 23 (10/13) CT (13/0) CT (629 + 9.3) HFrEF VE/VCO2 slope, LVEE 5
Freyssin IT (6/6) IT (54 +£9)
2012 [17] France 26 (12/14) CT(7/7) CT(5 + 12) HFrEF VO2peak, (WMT 4
Tellamo o IT(62.2 £+ 8) VO2peak, RER,
2012 [18] Italy 16 (8/8) dropout 20% NI CT (62.6 + 9) HFrEF VE/VCO2 slope 3
201};11[23] Taiwan 30 (15/15) dropout 10% gT(}g //g)) éTl" ((%7653 i 12'.%)) HI_II;::E]SF VO2peak, LVEF 2
x Zlf)‘l’ff“zil] England 33 (16/17) dropout 48% éTT ((11‘;//1)) CIE ((5599 5 j:[ 17 (‘fg) HI;I:E:F VO2peak 3
Angadi . IT 8/1) IT (69 + 6.1) VO2peak, RER,
2014 [36] America 15(5/6) CT (4/2) CT (715 + 11.7) HFpEF VE/VCO2 slope, LVEF 3
Tellamo Ll 36 (18/18) IT (16/2) IT (672 + 6) _— VO2peak, RER, R
2014 [25] y dropout 8% CT (15/3) CT (684 + 8) VE/VCO2 slope
Tolga IT (13/4) IT (63.7 + 8.8) HFrEF
2015 [37] Turkey 30(17/13) CT (13/0) CT (59.6 + 6.8) HFmrEF VOZpeak, HRrest 5
. HFrEF VO2peak, VE/VCO2
Sibel IT (13/2) IT (63.7 + 8.38) ,
2015 [26] Turkey 30 (15/15) CT (13/2) CT (596 + 6.9) I-g;;rE];F slope, Ié\vf\}il\lj[,TI-IRrest, 4
o sow o nee o mews WE s
. IT (59/18) IT (63 + 22.4)
Ellingsen 2017 [30] Norway 142 (77/65) CT (53/12) CT (61.5 + 14.4) HFrEF VO2peak, LVEF 5
VO2peak, RER
Florent IT (11/5) IT (59 + 13) HFrEF - RER,
2019 [27] France 31(16/15) CT (11/4) CT (59.5 + 12) HFmrEF VE/ VC(IEIZRSrL(’sze' LVEF, 6
Bulgaria 120 (60/60 HFrEF VO2peak, LVEE, 6WMT 5
s . ow  DEm mere e
Silyeira . IT (3/7) IT (60 + 10) VO2peak, RER,
2020 [39] Brazil 19.(10/9) CT (4/5) CT (60 + 9) HFpEF VE/VCO2 slope, LVEF 6
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Table 2. Characteristics of the studies included in the meta-analysis (intervention program).

Intervention
Stud Exercise P
udy Mode Duration xercise Program
IT CT
. Total: 40 min
Dimopoulos 12 weeks . Total: 40 min
Cycle ergometer ! D 40 x 30 s interval (100-120% WR peak) . . 700
2006 [34] 3 d/week @ 40 x 30 s recovery 40 min cycling (50-70% WR peak)
Total: 40 min
Roditis Cvele ereometer 12 weeks, (D 40 x 30 s interval Total: 40 min
2007 [35] ycle ergo 3d/week (100-120% WR peak) 40 min cycling (50-60% WR peak)
@ 40 x 30 s recovery
Total: 38 min
Wisloff 12 weeks @ 10 min warm-up (60-70% HRpeak) Total: 47 min
2007 [29] Treadmill 34 /weel; @ 4 x 4 min interval (90-95% HRmax) 47 min running (70-75% HRmax)
® 3 x 3 min recovery (50-70% HRmax) v & ? a
® 3 min cool-down
& Total: 60 min
Smart 16 weeks Total: 30 min
Cycle ergometer ! D 30 x 60 s interval (70% VO2peak) . . o
2011 [20] 3 d/week @30 x 60 s recovery 30 min cycling (70% VO2peak)
Total: 74 min Total: 60 min
Freyssin 8 weeks ® 10 min warm-up (5 W) @) 10. min warm-up
Cycle ergometer/Treadmill ¢ @ (12 repetitions of 30 s of exercise and 60 s of . . .
2012 [17] 5d/week . @ 45 min running/cycling (HRyT)
recovery)*3 (50-80 W), separated by 5 min ® 5 min cool-down
recovery
12 weeks, . .
2 d/1-3 weeks, Total: 3.’7 mm .
Iellamo Treadmill 3 d/4-6 week @ 9 min warm-up Total: 30-45 min
2012 [18] cadmi 14/ wggkz’ @ 4 x 4 min interval (75-80% HRR) 30-45 min running (45-60% HRR)
5d/10-12 weei<s @ 4 x 3 min recovery (45-50% HRR)
Total: 60 min .
Fu 12 weeks Total: 30 min
Cycle ergometer ! @ 30 x 60 s interval (60-70% VO2peak) . . N0,
2013 [23] 3 d/week ® 30 x 60 s recovery 30 min cycling (60-70% VO2peak)
. Total: 30 min .
Koufaki 24 weeks, . o Total: 40 min
2014 [24] Cycle ergometer 3 d/week (30 s x 10 interval (100% WR peak) 40 min cycling (40-60% VO2peak)

60 s x 10 recovery (20-30% WR peak) x 2
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Table 2. Cont.

Intervention
Stud i
udy Mode Duration Exercise Program
IT CT
Total: 31-43 min Total: 3045 min
. @ 10 min warm-up (50% HR peak) _ ) o

Angadi Treadmill 4 weeks, @ 4 x 2—4 min interval (80-90% HRpeak) @ 10_m1n warm-up (50 /OE_IR(? eak)

2014 [36] 3 d/week . o @ 15-30 min running (60-70% HR peak)
® 4 x 2-3 min recovery (50% HR peak) ® 5 min cool-down (50% HRpeak)
@ 5 min cool-down (50% HR peak) o TIEP
Total: 46.; mm Total: 55-60 min

Iellamo Treadmill 12 weeks, % ioxnzrrln‘;ff::l:pal (75-80% HRR) @ 10 min warm-up

2014 [25] cadm 3 d/week o mtery . @ 30-45 min running (45-60% HRR)
3 4 x 3 min recovery (45-50% HRR) 3 10 min cool-down
® 10 min cool-down

min warm-u otal: 40 min
5mi p Total: 40 mi

Tolga Cvdle ereometer 12 weeks, @ 30 s interval (50-75% HRR) with 30 s @ 5 min warm-up

#15 [37] yeleerg 3d/week recovery (50-75% HRR) @ 30 min cycling (50-75% HRR)
® 5 min cool-down ® 5 min cool-down
Total: 35 min Total: 35 min

Sibel 10 weeks, @ 10 min warm-up /cool-down (20 W) c ) )

2015 [26] Cycle ergometer 3 d/week @ 17 x 60 s interval (50-75% VO2peak) % ;g ﬁﬁ Z"iﬁ “(Igéf;’gl /d\c;vovg (jgk‘)’v)
3@ 17 x 30 s recovery (30 W) yeng ? P
Total: 36-51 min Total: 42—45 min

Ulbrich . 12 weeks, @ 7-10 min warm-up (70% HR peak) @ 7-10 min warm-up (70% HRpeak)

Treadmill @ 4-6 x 3 min interval (95% HR peak) . .

2016 [19] 3 d/week . . @ 30 min Running (75% HRpeak)
® 4-6 x 3 min recovery (70% HRpeak) ® 5 min cool-down (50% VO2peak)
® 5 min cool-down (50% VO2peak)

Total: 38 min
Ellingsen 12 weeks @ 5 min warm-up Total: 47 min
2017 [30] Cycle ergometer/treadmill 3 d/week @ 4 x 4 min interval (90-95% HRpeak) 47 min cycling or running

® 4 x 3 min recovery
® 5 min cool-down

(60-70% HRpeak)
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Table 2. Cont.

Intervention
Stud i
udy Mode Duration Exercise Program
IT CT
Total: 30 min
. o Total: 40 min

Florent 3 weeks, @ 5 min warm-up (30% WR peak) @ 5 min warm-up (30% WR peak)

2019 [27] Cycle ergometer 5d/week @ 2 x (30 s interval following 30 s recovery X ® 30 min cycling (60% WR peak)
8)(100% WR peak), seperated by 4 min recovery ® 5 min cool-down (30% WRpeak)
® 5 min cool-down (30% WR peak) cootdo o YYRpea
Total: 40 min

. @© Warm-up .
Jannis 12 weeks, . Total: 40 min
Cycle ergometer @ 3 bouts of interval (90% HRpeak) . . o

2020 [38] 2 d/week ® 2 bouts of recovery (70% HRpeak) 40 min cycling (70% HRpeak)
® Cool-down
Total: 38 min

o 10 min warm-up .
Gilveira . 12 weeks, © .. o Total: 47 min
7020 [39] Treadmill 3 d/week @ 4 x 4 min interval (85-95% HRpeak) 47 min running (60-70% HRpeak)

® 3 x 3 min recovery
® 3 min cool-down

Abbreviations: IT, interval training; CT, continuous training; M/F, male/female; HRpeak, heart rate peak; HRmax, maximal heart rate; VO2peak, peak oxygen uptake; VO2res, reserve oxygen uptake;
HRres/HRR, reserve heart rate; HRyt1, the first ventilatory threshold; WRpeak, peak work rate; NI, not informed; HFrEF, heart failure with reduced ejection fraction; HFmrEEF, heart failure with mid-range
ejection fraction; HFpEF, heart failure with preserved ejection fraction.
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Figure 2. Analysis of the risk of bias in accordance with the Cochrane collaboration guidelines.

Randomization was adopted in each study, of which nine studies described specific
randomization [20,25-27,29,30,34,35,38]. Because the patients were older, which could
lead to adverse accidents, all patients needed to have signed informed consent forms
and only seven studies implemented blinding and all of them were blind to the asses-
sor [19,20,27,30,37-39]. Four studies reported the dropout of patients and the reasons for
dropout were indicated in the study [18,23-25].

3.3. Effects of the Intervention
3.3.1. VO2peak

VO2peak was reported by seventeen studies including 617 participants with HE. The
aggregate results of these studies showed that IT was associated with a significantly im-
proved VO2peak (random effects model, MD = 2.08, 95% CI 1.16 to 2.99, p < 0.00001)
(Figure 3). The test for heterogeneity was significant (p = 0.008 and I? = 51%). Subgroup
analyses based on intervention duration, exercise intensity of IT, and isocaloric consump-
tion were performed. The results of subgroup analyses (Table 3) showed that intervention
duration, exercise intensity of IT, and isocaloric consumption were not the potential factors
that led to heterogeneity. Sensitivity analyses were conducted to explore potential sources
of heterogeneity, exclusion of individual studies did not substantially alter heterogeneity.

3.3.2. RER

Seven studies with a total of 158 participants reported no significant difference in the
RER between IT and CT (fixed-effects model, MD = 0.00, 95% CI —0.02 to 0.03, p = 0.81)
(Figure 4). The test for heterogeneity was not significant (p = 0.23 and 12 = 25%).
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T CcT Mean Difference Mean Difference
Study or Subgroup _Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Angadi 2014 2 52 9 168 4 6 30%  4.20[-0.47 887 T
Dimopoulos 2006 166 489 10 164 38 14  44%  020[3.43 383 N
Ellingsen 2017 182 828 77 17 802 65 64%  1.20[1.49 389 -
Florent 2018 02 58 16 187 51 15 41% 4.50(0.66, 8.34]
Freyssin 2012 136 32 12 108 41 14 B1% 280001 561]
Fuz2013 196 12 14 16 15 13 121% 360[2.57, 4.63] -
lellamo 2012 23.02 4.28 8 2253 313 8 43%  049[318 416 -
lellamo 2014 182 3 18 188 3 18 86% -060[-2.56 1.36 T
Jannis 2020 1687 365 B0 1453 308 60 11.4% 2.44[1.23, 3.65) -
Koufaki 2014 177 44 8 189 75 9 20% -1.20[-7.16,4.76]
Roditis 2007 154 42 11 166 45 10  42% -1.20[4.93 253 -1
Sibel 2015 16.93 702 15 142 342 15 39% 273[1.22,6.68] ]
Silveira 2020 196 345 10 195 37 9 51%  010[3.15 3.35) -1
Smart 2011 147 45 10 14 4 13 4B%  070[2.84 424 S
Tolga 2015 17 7 17 143 13 43%  300[F071,6.71) I
Ulbrich 2016 242 46 12 2023 3 10 52% 39710077, 717
Wisloff 2007 19 21 9 149 048 9 10.3% 4.101[2.61,5.59) I
Total (95% Cl) 316 301 100.0% 2.08[1.16, 2.99] ’
Heterogeneity: Tau®= 1.53; Chi*= 32.83, df= 16 (P = 0.008); F=51% o t ; L 10

Testfor overall effect Z= 4.44 (P < 0.00001) Favours [CT] Favours [IT]

Figure 3. Forest plot: Effects of VO2peak.

Table 3. Subgroup analyses of effects of IT vs. CT on VO2peak in HF patients.

Potential Included Sample 95% Confidence .
Outcome Subgroup Factors Studies Size Intervals Heterogeneity p-Value
Duration < 2 =0%
4 102 3.38 (1.56, 5.19 =0.0003
Intervention 12 weeks ( ) p=087 p
duration Duration > 2 = 62% ~
19 weoks 13 515 1.73 (0.65, 2.82) p = 0002 p =0.002
Intensity of 2 = 0o
VO, Exercise 60-80% 5 136 3.26 (2.38,4.15) p=0.62 p < 0.00001
peak intensity of HRpeak
IT Intensity of 12 =589
80-100% 12 481 1.70 (0.47,2.92) __0 00; p = 0.007
HRpeak p="0
2 _ o,
Isocaloric Yes 7 267 180 (0.28,331) ; o p=002
consumption 12 = 33%
No 10 350 2.14 (0.99, 3.29) p = 0.0003
p=0.14
IT CT Mean Difference Mean Difference
Study or Subgroup Mean _SD Total Mean SD Total Weight IV, Fixed, 95% C IV, Fixed, 95% CI
Angadi 2014 12012 9 11008 6 6.3% 010000020 |
Florent 2019 12 00 16 12 01 15 131% 000[0.07,007] -1
lellamo 2012 11006 8 115 007 8 159% -0.05[0.11,0.01] -
ellamo 2014 112 03 18 111 06 18 07% 001[0.30,032
Silveira 2020 112 007 10 115 007 9 16.3% -0.03(-0.09,0.03 =%=
Srmart 2011 113 042 10 111 004 13 108% 0.02[-0.06,0.10] R
Wisloff 2007 111004 9 109 005 9 37.0% 002002 006
Total (95% Cl) 80 78 100.0% 0.00[-0.02,0.03]

Heterogeneity. Chi*= 8.0, df= 6 (P = 0.23); F= 25% '

Testfor overall effect Z= 0.24 (P = 0.81) h .Urlf‘i-.ul . [l,T]UF - [%]25 i

Figure 4. Forest plot: Effects of the RER.
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3.3.3. VE/VCO2 Slope

Nine studies with a total of 215 participants reported no difference in the VE/VCO2
slope between IT and CT (fixed-effects model, SMD = 0.04, 95% CI —0.23 to 0.31, p = 0.75)
(Figure 5). The test for heterogeneity was not significant (p = 0.70 and 12 = 0%).

IT CT Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% Cl
Angadi 2014 e 103 9 267 31 i B5% (156 [-0.50,1.61] —
Dimopoulas 2006 332 62 14 334 82 10 1MA1% -0.03[-0.84,0.78) I E—
Florent 2014 M7 OB5 16 W4 T2 15 145% -0.38[1.10,0.33) -
lellamo 2012 28 283 B 3012 408 g 7% 05T 04—
lellamo 2014 ans 5 18 299 B 18 17.2% 0.04 [-0.62, 069 —
Roditis 2007 ME 4B 11 337 7210 100% 014 10.71,1.00] -
Sibel 2014 0039 0005 15 0037 0002 15 138% 06110.22,1.24 -
Silveira 2020 w747 10 ME A1 9 90% 0.21[0.69,1.12) ]
Smart 2011 02 44 10 303 86 13 108% -0.02[-0.84, 0.81) I
Total (95% CI) 1 104 100.0% 0.04[-0.23,0.31] ?

Heterogeneity: Chi*=45.52 df=8 (P=0.70), F=0%

Testfor overall effect Z=0.32 (P = 0.75) 4 s 005 i

Favours [CT] Favours [IT]
Figure 5. Forest plot: Effects of VE/VCO2 slope.

3.3.4. LVEF

The LVEF was reported by ten studies that included a total of 447 participants with
HF Figure 6). The meta-analysis showed a significant improvement for participants in the
IT group as compared with the CT group (fixed-effects model, MD = 1.32, 95% CI 0.60 to
2.03, p = 0.0003) (Figure 6). The test for heterogeneity was not significant (p = 0.35 and

I = 10%).

IT CT Mean Difference Mean Difference
Study or Subgrou Mean _SD Total Mean  SD Total Weight IV, Fixed. 95% CI IV, Fixed, 95% CI
Angadi 2014 63 6 9 6 5 6 16% 2.00[-3.60 760 I
Ellingsen 2017 3 895 77 27 1234 65 39% 4.00(0.40,7.60)
Florent 2019 395 85 16 369 8 15 15% 260[3.21,841] -1
Fu2013 486 33 14 431 59 13 38% 550[1.86,9.14) N
Jannis 2020 4068 232 60 398 211 60 81.1% 0.88(0.09, 1.67) .
Sibel 2015 5653 647 15 55 567 15 27% 153[2.82 588 I
Silveira 2020 66 4 10 65 5 9 30% 1.00[3.10,510 =
Smart 2011 328 97 10 293 122 13 06% 3.50[-5.45 1245 ]
Ulbrich 2016 399 88 12 357 113 10 0.7% 4.20[-4.39,1279 —
Wisloff 2007 38 98 9 335 &7 9 09% 450[(291,11.91) ]
Total (95% Cl) 232 215 100.0%  1.32[0.60, 2.03] ¢

Heterogeneity: Chi*=10.00, df= 9 (P = 0.35), F=10%

Test for overall effect Z= 3.62 (P = 0.0003) R e B

Favours [CT) Favours [IT]
Figure 6. Forest plot: Effects of LVEF.

3.3.5. HRrest

Six studies with a total of 154 participants reported no difference in HRrest between
IT and CT (fixed-effects model, MD = 0.15, 95% CI —3.00 to 3.29, p = 0.93) (Figure 7). The
test for heterogeneity was not significant (p = 0.19 and 1 = 33%).
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I cT Mean Difference Mean Difference
Study or Subgroup  Mean  SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Dimapaulos 2006 o1 14T 18 100 BA% -1.00[13.33,11.33)
Florent 2019 672 8 16 608 73 15 MI%  -360(8.891.79 —
Roditis 2007 636 98 11 70 126 10 105% -B40[16.12 337 R
Sihel 2015 728 107 15 705 102 15 A7T%  230(5.189.79) T
Tolga 2015 oM AT 68 7 13 37%  500[1.47,11.47) T
Wisloff 2007 113§ &4 12 8 T74% 7.00[4.56,18.56)

Total (95% CI) 82 72 100.0%  0.15[-3.00,3.29] ?
Heterogeneity: Chi*=7.47, df=5(P = 0.19); F=33% ' T f J !

Testfor overall effiect 7= 0.09 (P = 0.93) o ';anws [Cﬂnmm “1110 =

Figure 7. Forest plot: Effects of HRrest.

3.3.6. MWD

Four studies with a total of 198 participants reported a significant difference in 6eMWD
between IT and CT (fixed-effects model, MD = 25.67, 95% CI 12.87 to 38.47, p < 0.0001)
(Figure 8). The test for heterogeneity was not significant (p = 0.94 and 12 = 0%).

] CT Mean Difference Mean Difference
Study or Subgroup _ Mean _ SD Total Mean  SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
Freyssin 2012 475 82 12 451 72 14 7.2% 24.00(2383,71.83) ]
Jannis 2020 51338 3773 60 48932 4345 60 77.3% 24.06(9.50,38.62) -+
Sibel 2015 462 5832 15 432 7282 15 7.3% 30.00(17.25,77.25) -1
Ulhrich 2016 5963 485 12 5579 569 10 82% 38.40(6.28, 83.08) T
Total (95% CI) 99 99 100.0% 25.67[12.87,38.47] L 2

e W w
(ORIEEIREL £= ' Favours [CT) Favours [T
Figure 8. Forest plot: Effects of 6MWD.

3.3.7. Publication Bias

Egger’s test was applied for the six outcomes (Table 4). There were no significant
publication biases for VO2peak, RER, VE/VCO2 slope, HRrest, and 6MWD. However,
there was publication bias for LVEF (asymmetry test, p = 0.022). Therefore, the trim-and-fill
method which conservatively imputes hypothetical negative unpublished studies to mirror
the positive studies that cause funnel plot asymmetry was performed. The imputed studies
produced a symmetrical funnel plot (Figure 9). Combined with the funnel chart, the five
studies need to be included, in the future, to ensure the symmetry of the funnel chart and
eliminate publication bias.

Table 4. Egger’s test of the included studies.

Outcomes n Std. Err t p> Itl 95% CI Interval
VO2peak 17 0.656 —-1.87 0.081 —2.625 0.170
VE/VCO2 9 2.093 0.18 0.862 —4.570 5.326
slope
LVEF 10 0.340 2.84 0.022 0.182 1.746
HRrest 6 1.890 0.35 0.745 —4.590 5.905

94



Int. ]. Environ. Res. Public Health 2021, 18, 6761
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Figure 9. O: previous studies; [I: filled studies. A funnel plot with trim and fill for the effect size of
LVEF.

4. Discussion

This systematic literature review with meta-analysis suggests that IT elicits greater
improvements in VO2peak, LVEE, and 6MWD than CT, which is similar to previous meta-
analyses comparing IT with CT in HF [4,42] and coronary heart disease patients [43,44].
The strengths of this study as compared with previous studies is that more studies were
retrieved to compare the effects on cardiorespiratory fitness and exercise tolerance in HF
patients between IT and CT. In addition, several indispensable outcomes for HF patients
were adopted to measure the effects between the two exercise programs, and therefore
provided enough basis for cardiac rehabilitation.

The VO2peak is considered to be the best predictor of survival in cardiovascular dis-
eases [45,46]. Previous studies have indicated that a peak aerobic power <10 mL/kg/min
is a strong predictor of a poor prognosis in patients with HF [47,48]. The meta-analysis
showed that IT significantly improved VO2peak of 2.08 mL/kg/min in patients with HF
than CT. In addition, the results of the subgroup analyses suggested that IT as compared
with CT was more significant for improving patients’ VO2peak with “intervention duration
<12 weeks” than “intervention duration >12 weeks”. Meanwhile, the intensity of 60-80%
HRpeak can gain better exercise effects than the intensity of 80-100% HRpeak for HF
patients. The reason why a lower intensity gained a better effect may be that maximal
intensity of IT has a deeper impact on patients’ hearts than a relatively lower intensity,
which may not be beneficial to recovery. Previous clinical studies have shown that every
1 mL/kg/min increment in VO2peak leads to the mortality of male and female patients
with cardiovascular diseases reducing by 16% and 14%, respectively [21]. The mechanism
of IT improving VO2peak may be reflected in the following aspects: (1) the intensity of
IT is relatively higher than CT, which may result in an increase in plasma volume and
erythrocyte volume [49,50]. (2) IT improves venous drainage and increases stroke output
as well as decreases the resistance of blood flow [51]. (3) IT can increase activation of
peroxisome proliferator-activated receptor-y coactivator (PGC-1a), which accelerates the
mitochondrial biosynthesis process, which is essential to enhance the metabolism ability
of skeletal muscle. Mitochondrial function is associated with aerobic physical fitness and
plays an important pathophysiological role in cardiac patients [43,52]. Some previous
studies have explored the potential physiological mechanism of IT for improving patients’
cardiorespiratory fitness, but there was still no clear explanation. It may be influenced
by intervention duration, exercise intensity, and individual physical capacity. Therefore,
the physiological mechanism of IT for improving cardiorespiratory fitness needs further
exploration.
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The LVEF is a sensitive index that reflects the function of the left ventricular pump.
It is more sensitive and reliable than stroke volume and cardiac index. It directly reflects
the left ventricular ejection efficiency and indirectly reflects myocardial contractility [28].
The meta-analysis suggested that there was a significant difference in the LVEF between
IT and CT (MD = 1.32, 95% CI 0.60 to 2.03, p = 0.0003). The mechanisms responsible for
an increment in LVEF may be the following: (1) A higher exercise heart rate during IT
increases the magnitude of the post-exercise alteration in left ventricular diastolic filling [53].
(2) Potential mechanisms responsible for altered left ventricular relaxation, in addition
to prolonged elevated heart rate, include downregulation of cardiac -adrenoceptors
mediated by elevated catecholamines during exercise. In fact, circulating catecholamines
are responsible for maintaining tachycardia during exercise [54]. (3) Exercise training leads
to a partial correction of peripheral endothelial dysfunction in patients with HF [55].

The 6MWD is an indicator of the ability to perform daily life activities, which mea-
sures exercise tolerance. Improvement in the 6MWD has also been equated with improved
quality of life in patients [56]. The meta-analysis suggested that IT significantly increased
6MWD more than CT in HF patients (MD = 25.67, 95% CI 12.87 to 38.47, p < 0.0001). The
mechanism of IT responsible for increased 6MWD is that a high-intensity IT effort culmi-
nating near VO2max, requires that mitochondrial oxidative phosphorylation is fueled by
carbohydrate substrates and operates at or near maximal capacity for several consecutive
minutes. This type of effort might also represent a greater metabolic challenge for the mito-
chondria than CT, during which anaerobic metabolism (glycolysis and phosphocreatine)
contributes significantly to ATP production [57]. Finally, the acute effects on mitochondrial
respiratory function of a relatively high-intensity IT that ultimately yields VO2max and
elicits improvements in muscle aerobic capacity [52].

The RER is the ratio of carbon dioxide emission to oxygen uptake. A value of RER
equal to at least 1.0 is commonly used to describe adequate effort and motivation in HF
patients [58]. The result suggested that there was no significance in RER between IT and CT
(MD = 0.00, 95% CI —0.02 to 0.03, p = 0.81). The VE/VCO?2 slope is an important indicator
reflecting exercise tolerance, and it is also an important predictor of death in patients with
HEF [59]. Risk of mortality is thought to increase when the value of the VE/VCO2 slope
is greater than 34 [40]. The non-significance of our result (SMD = 0.04, 95% CI —0.23 to
0.31, p = 0.75) between IT and CT is in agreement with previous studies [43,44]. HRrest is a
useful clinical marker for cardiovascular disease assessment. Previous studies have shown
that for every 10 beats per minute (bpm) increment in HRrest, there is a 14% increased
risk for a clinical cardiovascular disease event [41]. The meta-analysis result showed that
there was no significance in HRrest between the two exercise programs (MD = 0.15, 95%
CI —3.00 to 3.29, p = 0.93). These outcomes still need to be further elucidated in large and
well-designed studies.

There are some limitations to the meta-analysis as follows: (1) There are no previous
studies that have explored the impact of different intensities of IT on HF patients, which
makes the division of intensity difficult. In addition, in all the included studies, all patients
were in the New York Heart Association (NYHA) functional class I-1II, but there was no
literature to provide detailed class information. In the future, different intensities of IT
could be classified to investigate which one is the optimal intensity for HF patients with
different NYHA classes. (2) There is significant heterogeneity with respect to the outcome of
VO2peak. Although various subgroups (i.e., exercise duration, exercise intensity of IT, and
isocaloric consumption) were performed to explore heterogeneity, unwanted heterogeneity
was still obvious, and the relatively small number of studies included in each subgroup
could not effectively account for the heterogeneity underlying the various studies. (3) This
meta-analysis is not registered and some outcomes are based on small sample sizes, which
may affect the stability of the results. In addition, our results may be affected by publication
bias. It is hoped that, in the future, more well-designed studies would further expand the
meta-analysis results.
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5. Conclusions

The evidence shows that interval training is better than continuous training for im-
proving cardiorespiratory fitness and exercise tolerance of patients with heart failure.
Moreover, the intensity of 60-80% peak heart rate of interval training is the optimal choice
for patients. It is hoped that, in the future, more well-designed studies would further
expand the meta-analysis results.
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Abstract: Rugby players need muscular strength and power to meet the demands of the sport;
therefore, a proper assessment of the performance in rugby players should include both variables.
The purpose of this study was to examine the strength and power characteristics (SPC) during the
squat (SQ) and bench press (BP) in national amateur rugby players and to analyze gender- and
position-related differences. A total of 47 players (30 males and 17 females; age: 25.56 &= 1.14 and
23.16 £ 1.38 years, respectively) participated in the study. The one repetition-maximum (1-RM) and
SPC in SQ and BP were obtained using a Smith Machine. Then, subjects performed one set of five
repetitions on the SQ and BP against six relative loads (30-40-50-60-70-80% 1-RM) using a linear
transducer. Differences between genders were found in 1-RM for maximal power, kilograms lifted at
maximal power, maximal power, maximal strength and maximal speed in BP (p < 0.00) and 1-RM,
kilograms lifted at maximal power, maximal power, maximal strength and maximal speed in SQ
(p < 0.00). Comparisons between variables in SQ and BP present a significant relationship (p < 0.01)
in SQ and BP 1-RM with kilograms lifted at maximal power (r = 0.86 and r = 0.84), maximal strength
(r=0.53 and r = 0.92) and maximal power (r = 0.76 and r = 0.93). This study confirms the importance
of the SPC assessment for training prescription in rugby amateur players.

Keywords: squat; bench press; training; strength; speed

1. Introduction

Rugby is a collision sport that involves high-intensity bouts of exercise including sprint
and agility activities and contact and tackling separated by short bouts of low-intensity
activity [1,2]. Rugby players need speed, agility, muscular strength and power to meet
the demands on the sport and these factors distinguish high- and low-level players [34].
Indeed, muscular strength and power are directly associated with performance, whereby
the elite players demonstrate the highest muscle power values [5,6]. For example, high-
speed running demands are influenced by strength and power and, consequently, by the
force-power—velocity profile (FVP) characterizing the maximal mechanical capabilities
of the neuromuscular system [7]. Moreover, due to the tactical and movement patterns
of rugby, players should have agility skills for avoiding contact and collisions [8-11].
In the case of rugby, there are two general player positions, backs and forwards, with
different physical demands [12,13]. Forwards are involved in more collisions, whereas
backs are involved in more high-speed running (>5 m-s~!) [14]. In addition, previous
studies identified that forwards are stronger and more powerful than backs [15]. Backs are
reportedly faster and more agile than forwards [16,17].

Muscular strength and power are key attributes for rugby players due to the contact
and collision element of the sport, alongside its relationship with those for other physical
qualities [18]. Maximal strength is the vehicle that drives the development of the strength
and power and allows athletes to develop greater performance on speed and agility
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activities [19,20]. Thereby, when considering the ability to develop power, it is clear that
high levels of muscular strength are a key factor to reach high levels of power [21,22].

Assessing the physical demands could assist in athlete development, guiding athletes’
training and assisting coaches. For example, training studies that incorporate maximal
or explosive strength exercises have found improvements in the sprinting speed of ath-
letes [21]. In addition, there are several studies presenting strength and power data via
Wattbike peak power output, countermovement jump or isoinertial highlighting the impor-
tance on strength and power characteristics (SPC) understanding [23].

However, studies on SPC in females are limited, which causes a gap in the knowledge
about SPC in females and if there are differences in comparison to males. We hypothesize
that males are stronger and more powerful than females because they are heavier and big-
ger [24,25]. It seems that at the elite level in females, forwards were heavier and displayed
greater upper-body strength, whereas backs showed greater acceleration and maximal
speed abilities [26]. Recently, similar data were reported in other studies comparing backs
and forwards where high-speed demands were different, suggesting that maximal velocity
running and strength and power training are important [27]. These facts highlight the
importance of assessing SPC and maximizing long-term adaptation of muscle force and
power via resistance training [28]. Consequently, a proper assessment of the performance
in rugby players should include maximal strength and power. However, there is a gap in
the research on the study of these two capacities and their relationship for rugby perfor-
mance and how strength and conditioning programs should be individualized attending
to position demands and gender differences. In order to assess SPC, exercises should be
selected that provide a transfer to the sport in skill movement and strength. Thus, the
squat (SQ) and the bench press (BP) are two of the most used and effective exercises in
resistance training for strengthening the lower and the upper body for improving athletic
performance [29,30].

Therefore, the purpose of this study was to examine the strength and power charac-
teristics (SPC) on the SQ and BP in national amateur rugby players and to analyze sex-
and position-related differences for better strength and conditioning program designs.
We hypothesize that there are differences in SPC between backs and forwards and males
and females.

2. Materials and Methods
2.1. Participants

A total of 47 rugby players, with at least 5 years of experience in practice in rugby
and resistance training performing parallel SQ and BP exercises, volunteered to partic-
ipate in this study. Exclusion criteria included a musculoskeletal injury over the past
six months, any medical condition that could limit the exercise performance, and taking
steroids, drugs, medications or dietary supplements for enhancing sport performance. Sub-
jects were national amateur rugby players and included 30 males (age 26.56 + 1.14 years;
height 1.78 4 0.16 m; and body mass 86.85 & 1.88 kg) and 17 females (age 23.16 & 1.38 years;
height 1.63 = 0.16 m; and body mass 66.46 £ 2.39 kg). Then, for comparing player positions we
split in forwards (age 25.57 £ 1.25 years; height 1.74 & 0.15 m; and body mass 84.11 + 2.43 kg;
20 males and 10 females) and backs (age 25.07 4= 1.27 years; height 1.71 4= 0.25 m; and body
mass 72.23 =+ 3.04 kg; 10 males and 7 females). Their average weekly training volume was
13 h*wk~! including three days of rugby-specific training, three days of resistance training
and competition. All procedures followed ethical principles for medical research involving
human subjects by the World Medical Association Declaration of Helsinki (General Assem-
bly of the World Medical Association. 2014). The study was approved by the University of
Alicante Institution Ethics Committee UA-2018-06-20. All subjects were informed of the
purpose of the study, and experimental procedures and potential risks of the study. They
were given the opportunity to ask any questions related to the procedures. After being
informed, they signed the informed consent form.

102



Int. ]. Environ. Res. Public Health 2021, 18, 5615

2.2. Procedures

The present research was performed in 3 different sessions, all separated by 3 days. The
first visit to the laboratory was dedicated to informing the subjects about the procedures,
familiarization with tests and anthropometric measurements. Maximum strength tests
(1-RM) in parallel SQ and parallel BP were performed in the second session and power
assessment in the third in randomized order. For the strength assessments, we used a Smith
Machine (Multipower, Line Selection; Technogym, Gambettola, Italy). All the sessions
were performed at the same time, between 5 p.m. and 8 p.m. All tests were supervised
by a Certified Strength and Conditioning Specialist (CSCS) who has 10 years’ experience
in testing and training rugby athletes. Subjects were instructed to avoid any strenuous
physical activity 24 h prior to each assessment and not to eat and drink water ad libitum
45 min before the assessments. Before testing, players performed a standardized 15 min
warm-up that consisted of 5 min of pedaling on a cycle ergometer at an intensity of 50 watts
followed by 1 set of 15 repetitions on either SQ or BP exercise at an increasing velocity with
a 20-kg barbell.

2.2.1. Squat and Bench Press Techniques

To standardize exercise performance during the testing sessions, an analogic goniome-
ter was used to measure 90° of knee flexion (parallel-squat) and ensure a consistent stance
distance during the SQ and 90° of elbow flexion and biacromial distance of the grip width
during the BP.

To ensure the correct range of motion, straps were used to limit a greater displacement
than 90° of knee flexion on the SQ and 90° of elbow flexion on the BP.

During the SQ, the load was lifted without lifting heels off the ground, keeping the
back straight, eyes focused forward and feet slightly wider than shoulder-width apart with
toes pointing slightly outward.

During the BP, the load was lifted without lifting the hips off the bench, with the neck
and the back lying on the bench and the feet on the ground [31,32].

2.2.2. Maximal Strength

Subjects completed the squat assessment first and then the bench press assessment.
Subjects performed 1 set of 3—4 repetitions on the SQ and BP exercises with 4 relative
loads calculated according to their previous 1-RM performed 2 weeks ago in a training-
test session (60-70-80-90% 1-RM) for warming up. After the specific 15 min warm-up
previously mentioned, subjects performed a 1-RM attempt by increasing progressively (by
10-20% in the SQ and 5-10% in the BP) the load used in 100% 1-RM. If the subject failed
the 1-RM attempt, we decreased the load by 5-10% in the squat and 2.5-5% in the BP. The
subjects’ 1-RMs were achieved within five attempts. Subjects were given 3 min of recovery
between each set and 5 min between exercises.

2.2.3. Power Strength

After 72 h from the maximal strength assessment, subjects returned to the testing
facility to perform 1 set of 5 repetitions on the SQ and BP exercises on 6 relative loads
with an increasing intensity calculated from the data recorded in the first session (30-40-
50-60-70-80% 1-RM). Subjects were given a 3 min recovery between each set and 5 min
between exercises.

Participants were told the importance of performing the concentric phase at the
highest speed and effort possible. During the performance, they were not given any kind
of feedback.

2.2.4. Measurement Equipment and Data Analysis

The bar was properly instrumented with a linear position transducer (T-Force Sys-
tem, Ergotech, Murcia, Spain) that has a precision in 1000 N and a sampling frequency
on 1000 Hz for maximal power recording. This device has been used to assess kinetic
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and kinematic variables in resistance exercises. The system consists of a linear velocity
transducer extension cable in interface with a personal computer that obtains data with an
analogic-digital resolution of 14 bits. The specific software (TFDMS Version 2.35) calculates
the kinematic and kinetic parameters of each repetition, and stores and provides all infor-
mation from the results obtained in real time [33]. The system’s software automatically
calculated the bar velocity of every repetition, providing auditory and visual feedback in
the same moment of realization.

The concentric phase or positive work was as fast as the subject could perform. The
eccentric or negative work, and recovery phase had a duration of 3.5 s [34]. Additionally,
all the measurement data were stored on a virtual disk.

Subsequently, the software analyzed the data, obtaining the following variables for
both exercises: maximal power at a given percentage (Max. Power at 1-RM%), kilograms
used to achieve the highest power value (Max. Power kg), maximal power (Max. Power
in W), maximal strength (Max. Strength in N), maximal speed (Max. Speed), time spent
reaching maximal power (Time to Max. Power), time spent reaching maximal speed (Time
to Max. Speed).

2.3. Statistical Analysis

The normality of the data for each group was checked using the Shapiro-Wilk test.
Due to the normal distribution, data are described as mean and standard deviation (SD).
One-way ANOVA was used to determine differences between backs and forwards, and
men and females. Pearson correlations were performed to determine the significance of
the association between variables (0.00 to 0.30: negligible correlation; 0.30 to 0.50: low
positive correlation, 0.50 to 0.70: moderate positive correlation, 0.70 to 0.90: high positive
correlation, 0.90 to 1.00: very high positive correlation) [35]. Significance was set at p < 0.05.
To assess effect size d, the Cohen test was used. The effect size indices were 0.2 = small;
0.5 = medium; 0.8 = large and 1.3 = very large [36]. Analyses were performed using SPSS®
v25.0 for Mac (SPSS, Inc., Chicago, IL, USA).

3. Results

Table 1 shows differences by gender and rugby position in 1-RM for both exercises,
maximal power at a given percentage (Max. Power at 1-RM%), kilograms used to achieve
the highest power value (Max. Power kg), maximal power (Max. Power in W), maximal
strength (Max. Strength in N), maximal speed (Max. Speed), time spent reaching maximal
power (Time to Max. Power), time spent reaching maximal speed (Time to Max. Speed).

Table 1. Differences between genders and positions.

Males Females Significance Esffect Forwards Backs Significance Ef.fed
ize Size
Mean + SD Mean + SD 4 d Mean + SD Mean + SD P d
1-RM Bench Press (kg) 96.83 + 3.40 37.81 +£2.13 0.001 ** 14.67 76.37 +5.99 76.17 + 8.21 0.89 0.01
Max. Power BP (1-RM%) 61.33 + 2.47 69.37 +£2.49 0.02* —2.61 6241 +£2.74 67.05 £ 2.05 0.30 —1.58
Max. Power BP (kg) 58.93 £ 2.66 25.87 £1.37 0.001 ** 14.77 46.27 + 3.88 49.41 £+ 4.56 0.53 —0.35
Max. Power BP (W) 713.28 +27.84 241.51 + 15.90 0.001 ** 1.84 560.96 + 51.34 529.11 £ 57.71 0.80 0.02
Max.Strength BP (N) 777.38 +27.16 343.64 + 25.26 0.001 ** 1.26 613.69 + 48.68 652.17 +54.16 0.51 —0.03
Max.Speed BP (m/s) 1.06 +0.3 0.78 £0.42 0.001 ** 4.20 1.02 +0.04 0.86 £+ 0.05 0.04* 0.10
Time to Max. Power BP (ms) 512.36 + 23.84 522 + 42.06 0.82 —0.02 518.13 £ 25.34 499.17 + 38.33 0.55 0.04
Time to Max. Speed BP (ms) 555.26 + 22.85 560 + 44.35 0.90 —0.01 561.41 + 24.09 536.88 + 51.09 0.47 0.03
1-RM Squat (kg) 199.83 + 6.97 125.31 +8.23 0.001 ** 2.56 170 + 10.34 180.58 +10.23 0.41 —0.20
Max. Power SQ (1-RM%) 68.33 +1.92 66.87 + 3.50 0.85 0.37 67.58 +2.30 68.23 + 2.60 0.94 —0.22
Max. Power SQ (kg) 136.66 £ 6.08 82.00 £ 6.07 0.001 ** 2.96 114.58 + 8.09 122.88 £+ 8.19 0.50 —-0.25
Max. Power SQ (W) 1472.94 £+ 66.57 656.60 + 45.75 0.001 ** 0.50 1154.19 £+ 92.54 1248.39 £+ 125.19 0.48 —0.02
Max.Strength SQ (N) 1784.16 + 71.47 1366.42 + 242.53 0.04 * 0.03 1569.60 + 106.77 1794.44 £+ 207.45 0.23 —0.02
Max.Speed SQ (m/s) 0.95 £+ 0.31 0.67 +£0.43 0.001 ** 3.99 0.85 £+ 0.04 0.84 £+ 0.05 0.78 9.76
Time to Max. Power SQ (ms) 626 + 37.31 514.23 + 46.64 0.07 0.13 598.34 + 39.26 57411 + 49.19 0.76 0.02
Time to Max. Speed SQ (ms) 668.50 + 37.56 572.11 +47.14 0.12 0.11 650.03 + 38.79 615.11 + 49.69 0.64 0.04

BP: Bench Press; SQ: Squat; s: seconds; 1-RM: one maximum repetition; kg: kilograms; W: watts; N: newtons; ms: milliseconds; * p < 0.05;

**p <0.01; d: d Cohen.
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Significant differences (p < 0.01) were found between males and females in the BP in
1-RM (d = 14.67), kilograms used to achieve the highest power value (d = 14.77), maximal
power (d = 1.84), maximal strength (d = 1.26) and maximal speed (d = 4.20) and in the SQ
in kilograms used to achieve the highest power value (d = 2.96), maximal power (d = 0.50)
and maximal speed (d = 3.99).

Tables 2 and 3 show the comparisons between positions by gender among variables in
SQ and BP. We found significant differences (p < 0.01) in the BP in females in kilograms to
achieve the higher power values (d = 0.76) and maximal strength (d = 0.81).

Tables 4 and 5 show the correlations among variables in SQ and BP.

Table 2. Squat comparisons between positions by gender.

Gender Position Mean £+ SD Significance (p) Effect Size (d)
Forwards 195.25 + 44.7
1RV Scquat (kg) Males Backs 209 + 18.52 0.362 0.14
! 8 Forwards 113.88 4+ 31.2
Females Backs 140 + 31.09 0.11 0.34
Forwards 68.5 + 10.89
Max. Power SQ (1-RM%) Males Backs 68 = 10.32 o -
‘ ° Femal Forwards 65.55 + 15.89 0,63 0.06
ema’les Backs 68.57 + 12.14 : :
Forwards 133.6 + 36.91
Max. Power SO (k) Males Backs 142.8 + 25.24 0.48 01
: & Femal Forwards 72.33 -+ 22.48 0,69 045
emales Backs 94.42 +21.95 . :
Forwards 1404.15 £ 383.06
Max. Power SO (W) Males Backs 1610.54 + 295.24 0.14 0.3
’ E 1 Forwards 598.72 + 132.39 015 028
ema’les Backs 731.03 + 221.09 ‘ :
Forwards 1722.93 + 417.43
Max Strength SO (N) Males Backs 1906.62 + 317.81 0232 0.21
Heng Forwards 1228.86 -+ 744.22
Females 1634.19 + 0.44 0.11
Backs 132235
Forwards 0.93 +0.18
Males Backs 0.98 + 0.13 0.14 0.3
Max.Speed SQ (m/s) Forwards 0.69 + 0.18
Females Backs 0.63 + 0.15 0.51 0.09
Forwards 616.2 + 218.95
. Males Backs 648 + 180.57 0.69 0.67
Time to Max. Power SQ (ms) Forwards 558.66 + 200.2
Females Backs 468.57 + 196.73 0.38 013
Forwards 656.9 + 219.81
. Males Backs 691.7 + 183.11 0.67 0.07
Time to Max. Speed 5Q (ms) Forwards 634.77 + 193.98
Females Backs 460.71 + 189.43 0.2 0.23

BP: Bench Press; s: seconds; 1-RM: one maximum repetition; kg: kilograms; W: watts; N: newtons; ms: milliseconds; d Cohen.

Table 3. Bench Press comparisons between positions by gender.

Gender Position Mean £+ SD Significance (p) Effect Size (d)
Forwards 95 4+ 17.84
Males Backs 100.50 = 20.60 0.456 0.113
1-RM Bench Press (kg) Forwards 35 + 9.68
Females Backs 41.42 + 556 0.14 0.3
F d 60 + 15.55
Males O];‘a”éfs s PP 0.457 0.113
Max. Power BP (1-RM%) Fermal Forwards 67.77 + 12.01 048 o1
emales Backs 71.42 4 6.90 : :
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Table 3. Cont.

Gender Position Mean + SD Significance (p) Effect Size (d)
Males Forwards 56.75 4+ 16.23 0253 0.204
Backs 63.30 £9.77
Max. Power BP (kg)
F 1 Forwards 23 +4.78 0.01 * 0.76
ema’les Backs 29.57 + 4.64 : :
F 716.99 + 169.97
Males orwards 699+ 1699 0.855 0.054
Backs 705.88 + 117.85
Max. Power BP (W)
f 1 Forwards 214.23 + 53.89 0.04 * 0.52
emales Backs 276.58 + 60.83 : :
F d 759.36 + 167.47
Males orwards 59.36 £ 16 0.357 0.148
Backs 813.44 + 99.85
Max.Strength BP (N)
E L Forwards 289.98 £ 55.03 0,008 ** 0.817
ema’les Backs 421.79 + 113.02 : :
Males Forwards 1.10 + 0.23 0196 0.248
Backs 0.99 +0.17
Max.Speed BP (m/s)
F 1 Forwards 0.85 +0.14 0.07 0.42
ema’les Backs 0.69 + 0.19 : :
F 493.45 + 126.67
Males orwards 9345 & 126.6 0.269 0.193
. Backs 550.2 4+ 136.49
Time to Max. Power BP (ms)
v 1 Forwards 573 4+ 148.95 0.08 0.04
cma’les Backs 426.28 + 167.47 : :
F d 7.8 £117.21
Males Bt ggo 2 13048 0.288 0.192
Time to Max. Speed BP (ms) acks : )
E L Forwards 613.88 + 147.65 0.09 0.04
ema’les Backs 460.71 + 189.43 : :
BP: Bench Press; s: seconds; 1-RM: one maximum repetition; kg: kilograms; W: watts; N: newtons; ms: milliseconds; * p < 0.05; ** p < 0.01;

d: d Cohen.

Table 4. Correlation among squat variables.

1-RM Max. Power =~ Max. Power S txﬁ;}h Max. Power = Max. Speed
Squat (kg) SQ (kg) SQ (1-RM%) SQ (N) SQ W) SQ (m/s)
1-RM Squat (kg)
Max. Power SQ (kg) 0.867 **
Max. Power SQ (1-RM%) —0.082 0.436 **
Max.Strength SQ (N) 0.530 ** 0.634 ** 0.332*
Max. Power SQ (W) 0.764 ** 0.808 ** 0.228 0.533 **
Max.Speed SQ (m/s) 0.269 0.165 —0.186 —0.183 0.628 **
Time to Max. Power SQ (ms) 0.262 0.399 ** 0.304 * 0.105 0.367 * 0.22
Time to Max. Speed SQ (ms) 0.208 0.361 * 0.344 * 0.152 0.344 * 0.175

SQ: Squat; s: seconds; 1-RM: one maximum repetition; kg: kilograms; W: watts; N: newtons; ms: milliseconds; * p < 0.05; ** p < 0.01.

Table 5. Correlation among bench press variables.

1-RM Bench Max. Power BP Max. Power Max. Strength Max. Power Max. Speed

Press (kg) (kg) BP (1-RM %) BP (N) BP (W) BP (m/s)
1-RM Bench Press (kg)
Max. Power BP (kg) 0.843 **
Max. Power BP (1-RM%) —0.444 ** 0.078
Max.Strength BP (N) 0.921 ** 0.956 ** —0.124
Max. Power BP (W) 0.938 ** 0.821 ** —0.363 * 0.921 **
Max.Speed BP (m/s) 0.539 ** 0.15 —0.747 ** 0.303 * 0.621 **
Time to Max. Power BP (ms) —0.158 0.168 0.607 ** —0.081 —-0.213
Time to Max. Speed BP (ms) —0.138 0.161 0.568 ** —0.083 -0.2 —0.302 *

BP: Bench Press; s: seconds; 1-RM: one maximum repetition; kg: kilograms; W: watts; N: newtons; ms: milliseconds; * p < 0.05; ** p < 0.01.
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4. Discussion

The purpose of this study was to examine SPC on the SQ and BP in national amateur
rugby players, analyzing possible differences in performance between genders and playing
positions. One finding of this study was that the assessment of the SPC could be a useful
tool for resistance-training prescription, adding the ability for coaches to prescribe training
according the role demands. In addition, our study could provide the opportunity for
other studies to recruit samples from multiple clubs, thus increasing sample sizes, general-
izability of results and statistical power of subcategory comparisons (e.g., position, playing
level or gender). This objective is one of the goals proposed in the most recent scientific
literature [37].

First, there is a scarcity in the literature comparing SPC in males and females, and we
found strong differences between BP and SQ in males and females, in both absolute and
relative values of the different variables of the SPC, especially in 1-RM, maximal power and
maximal speed in SQ and BP. These results are similar to those found in previous research
conducted with adolescent rugby players where there were also differences between
genders in both exercises [38,39]. These findings could be attributed to the prevalence
of slower type-I and II-A fibers in females compared with males that parallels the lower
contractile velocity in females compared with males and differences in thyroid hormone,
estrogen and testosterone levels [40]. Supporting this, one study previously demonstrated
that with different maturation status SPC could be different in males and females, as in
adolescent age females could demonstrate greater power values than males [38].

Secondly, comparing different sports disciplines also shows that the variables that
make up the SPC are specific not only to sports but also individually [41]. In the case
of rugby, the player’s role may have an important implication for the training design
since the specific techniques of the sport as well as the movements associated with their
playing positions may have a direct relationship with the training method to be applied [42].
Supporting this evidence, other findings confirm the influence of training and sport activity
on the force and velocity capacity balance for power-oriented sports [43]. Due to these
differences and the scarce studies carried on rugby it is important to determine the SPC
in these players. One of the objectives of the SPC studies is to determine if there are
differences between athletes based on their role during the game. We did not find strong
differences between backs and forwards in our study in the SPC variables, even when we
compared positions by gender, excepting in maximal speed in the BP exercise when we
compared all the subjects together, and maximal power and strength in females. This could
be explained by their amateur level, as other studies found differences in strength and
maximal force production in BP in rugby union players because of the physical demands
of these respective positions [6]. In the literature there are few studies that determine
differences related to the athletes’ roles [44,45]. The SPC assessment could be important
to determine the factors that have an influence on performance individually on rugby
players. Our data show that SQ and BP present a significant strong relationship in 1-RM
and maximal power and BP and kilograms lifted at maximal power, maximal strength and
maximal power. The sport position could have an influence in the performance showing
differences between forwards and backs in maximal speed in BP exercise.

Our study found high correlations in SQ and BP between maximal power and maximal
strength, and kilograms lifted at maximal power, suggesting that strength performance is
critical for greater power values. Similar conclusions were reported in previous studies
in SQ [46—48] and in BP [49,50]. Knowing the SPC of the players can also be decisive to
know the level and potential of future performance of the players since the strength and
power values are considered indicators of the level of development [51]. We analyzed the
data and the relationships that exist between the variables of the SPC in order to determine
which are the most significant in power performance to prescribe more specific training
according to the objectives and for enhancing players’ performance by their roles. Based
on our data, maximal power in SQ and BP is strongly related to maximal strength. In this
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sense, the training contents can be manipulated by the coaches to make rugby players
improve their performance through increased production of strength [52].

In the same way, the relationship between the force—velocity profile (FVP) and per-
formance in sprint and jump tests has also been studied, determining that there is a
high correlation between some of the FVP variables such as maximum power, speed and
strength, especially in the first one [53].

Therefore, it is necessary to develop new research to understand different training
protocols in order to improve the performance of the FVP associated with the specific
context of rugby, including also the assessment of speed and agility since it will allow
determining the possibilities of improvement in movement during game situations. In the
case of trying to improve rugby performance, it is suggested that resistance training must
be adjusted using SPC values close to the rugby role playing reported in high performance
players. This will optimize the SPC in the different positions in rugby forwards or backs.

This is the first study analyzing the SPC in national amateur rugby players by com-
paring the SPC variables between gender and positions and providing SPC data in females
by positions. However, some limitations should be acknowledged. Research in SPC in
national amateur rugby players is a field with gaps in the literature and we need more
studies for a better understanding. In our study, we only had access to 47 rugby players, but
we know that a greater number of subjects would be better for improved inferences. In this
sense, we have not assessed the muscle mass, and this could give a better perspective about
the SPC and its relationship with the body composition. Finally, we have not included a
rugby-specific test to correlate with the SPC.

5. Conclusions

This study confirms the importance of the SPC assessment for training prescription in
national amateur rugby players for enhancing performance by player position or gender.
In addition, this study provides data so that other investigations can compare their results
and thus establish a database to make inferences about the performance of rugby players.
It is confirmed that there are differences between males and females in both absolute and
relative values of the different variables of the SPC, especially in 1-RM, maximal power
and maximal speed in SQ and BP. These variables are also critical for sport performance
and should be considered for a proper assessment and training in rugby performance.
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Abstract: The aim of this study was to characterize the turning phase during a modified 505 test.
Forty collegiate basketball students, divided into faster and slower performers and high-playing-level
and low-playing-level groups, were evaluated for the force-time characteristics (braking and/or
propulsive phase) of the penultimate foot contact (PFC), final foot contact (FFC), and first accelerating
foot contact (AFC), and for completion time and approach velocity. Based on the composition of the
AFC, trials were classified as braking/propulsive or only propulsive. Regression analysis for the
prediction of completion time was performed. The AFC contributed to reacceleration through shorter
contact times and step length, and lower braking force production (p < 0.05). Faster performers and
the high-playing-level group demonstrated (p < 0.05): lower completion times, higher approach
velocities, longer steps length in the PFC and FFC, greater braking forces and impulses in the
PFC; greater braking and propulsive forces, braking impulses, lower contact times in the FFC;
greater braking and propulsive horizontal forces, horizontal impulses, lower contact times and
vertical impulses in the AFC. Kinetic variables from only the FFC and AFC and approach velocity
predicted 75% (braking/propulsive trials) and 76.2% (only-propulsive trials) of completion times.
The characterization of the turning phase demonstrated the specific contribution of each foot contact
and the possible implications for training prescription.

Keywords: modified 505 test; kinetic variables; completion time; foot contact; predictors

1. Introduction

Change-of-direction (COD) ability is a preplanned, multidirectional action and an
important physical quality for many team sports [1-3]. It can be defined as the ability to
decelerate (i.e., eccentric action) in the shortest time and quickly reaccelerate (i.e., concentric
action) in a new direction while running or sprinting [1-4]. This coupling of an eccentric
and concentric action also refers to the ability to properly use the stretch-shortening cycle
(SSC) [5].

A COD can be performed with or without a stimulus to which to respond. Specifically,
when a directional change occurs in response to a stimulus, it is referred to as agility, while
it is only referred to as COD speed if the response to a stimulus is not required [1-3].
Focusing solely on the preplanned action during training and competitions, CODs are
executed at different directions, speeds, and with different cutting angles. In particular,
a 180° COD action frequently occurs during competitions (i.e., basketball, soccer, netball,
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cricket) [6-8]. For this reason, it is widely included in fitness testing batteries for either
COD speed tests (i.e., 505 test) or endurance field-based cardiorespiratory tests (i.e., Yo-Yo
test, 30-15 Intermittent Fitness Test). In this context, the test’s completion time is mainly
used as the performance outcome. However, an exhaustive evaluation of the COD ability
requires technical and biomechanical assessments [9-12], hence focusing on the “how” (i.e.,
quality) and not only on the “what” (i.e., time) of the COD performance to better address
training prescription [13]. Therefore, the investigation of the “how” has been consistently
addressed through the assessment of kinetic and kinematic variables during the critical
foot contacts of COD performance [14].

Focusing solely on the 180° COD speed tests, the kinetic and kinematic variables of
the penultimate foot contact (PFC) and final foot contact (FFC) are commonly evaluated
during traditional and modified 505 tests to investigate the differences between faster
and slower performers [15-17]. Recently, new research investigated for the first time the
antepenultimate foot contact, demonstrating its role in facilitating the deceleration phase
during a traditional 505 test [18]. However, it would be interesting to also consider the
analysis of the first step after turning, henceforth called the first accelerating foot contact
(AFC). However, to the best of our knowledge, previous studies did not include the analysis
of this foot contact during traditional or modified 505 tests.

The available evidence demonstrates the differences between faster and slower per-
formers (based on the completion time) during the 505 test. Faster performers showed
greater horizontal braking forces for the PFC, greater horizontal propulsive forces, vertical
impact forces, and shorter contact times for the FFC compared with slower performers
during the modified 505 test [15]. Furthermore, faster performers demonstrated greater
vertical braking and propulsive forces compared with slower performers in the COD-only
step analyzed during the traditional 505 test [16]. Moreover, faster performers showed
greater peak and average horizontal propulsive forces for the FFC than slower performers
during the traditional and modified 505 test [17]. Finally, associations have recently been
demonstrated between greater antepenultimate foot contact peak vertical, horizontal, and
resultant braking forces, mean vertical, horizontal, and resultant GRFs, and horizontal total
impulses in comparison with faster performers during the traditional 505 test [18].

Furthermore, the possible influence of limb asymmetries and directional dominance might
exist in the traditional or modified 505 test in female and male team sports players [19,20];
however, it has not been largely confirmed in a further investigation of only female soccer
players [21]. Nonetheless, contradictory results also emerged considering limb dominance
as a factor associated with injury risk during COD actions [22].

Playing level might be considered a critical issue in sports performance. However, it
has been demonstrated that COD speed tests are not able to discriminate between higher-
skilled groups [3]. In fact, previous investigations did not report significant differences
between higher- and lower-performance groups in Australian football [23-25] and rugby
league [26,27] players when the completion time was measured. However, there is a
paucity of evidence regarding the effect of the playing level on spatial-temporal and kinetic
variables during a 505 test.

Similarly, considering that several determinants (spatial-temporal and kinetic vari-
ables) may influence the performance outcome (i.e., completion time) of a 505 test, limited
evidence is available for the predictors of completion time.

Taken together, the current knowledge on the 505 test can still be expanded through
the inclusion of other foot contacts with those already investigated in order to define the
entire turning phase, as well as in relation to several factors, such as leg dominance, COD
performance, and playing level. Therefore, the objective of this study was to investigate
the modified 505 test, providing an analysis of the three foot contacts (PFC, FFC, AFC) that
characterize the turning phase. In particular, the purpose of this study was to examine the
effects of leg preference, COD performance, and playing level on spatial-temporal and
kinetic variables for each foot contact and to evaluate the prediction of the completion
time from the spatial-temporal and kinetic variables. We hypothesized the existence of
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differences between legs and superior performance for faster performers and the high-
playing-level group during the modified 505 test.

2. Materials and Methods
2.1. Study Design

A cross-sectional study design was applied to investigate the effect of leg preference,
COD performance (i.e., completion time), and playing level on spatial-temporal and kinetic
variables during the modified 505 test. Furthermore, the predictors of COD performance
were examined.

This study was approved by the University of Taipei Institutional Review Board
(Taipei, Taiwan, reference number: IRB-2018-093). All participants gave their informed
written consent, and all the experimental procedures were conducted in accordance with
the Declaration of Helsinki [28].

2.2. Participants

A minimum sample size of 34 participants was determined from an a priori power
analysis performed by G*Power (version 3.1.9.2 University of Dusseldorf, Dusseldorf, Ger-
many), considering an ANOVA test with a power of 0.95, an effect size of 0.65, and o = 0.05.
Accordingly, 40 male and female collegiate students (32 males: age =20.9 & 2.0 years,
height = 179 &+ 7.3 cm, body mass = 76.1 £ 9.6 kg; 8 females: age =21.5 £ 1.8 years,
height = 164 & 8.4 cm, body mass = 58 £ 8.6 kg) were recruited to participate in this study
and were eligible in accordance with the following inclusion criteria: (a) age 18-25 years;
(b) absence of known cardiovascular, pulmonary, metabolic, bone, or joint diseases; (c) no
smoking; (d) no muscle and joint injuries during the last six months. Participants were
asked to identify their preferred leg used to kick a ball, which was then identified as the
kicking leg (KL). Consequently, the opposite leg was ascertained to be the leg used to
jump off when performing a right-handed running basketball layup and was identified
as the stance leg (SL) [29]. Participants were divided into faster (top 33%, n = 13) and
slower (bottom 33%, n = 13) performers based on their completion time [17] to test the
hypothesis of the effect of COD performance. In addition, participants were divided into a
high-playing-level group (n = 17), engaged in basketball training and competitions at colle-
giate and national levels (>3 training sessions per week; >5 years of basketball experience),
and a low-playing-level group (n = 23), engaged in basketball as a recreational activity
(<3 sessions per week), to test the hypothesis of the effect of playing level.

2.3. Procedures

Participants reported to the laboratory on two occasions separated by a 72 h resting
period at the same time of the day (10:00 £ 30 min), with temperature and humidity kept
consistent at 24 £ 1 °C and 55 =+ 5%, respectively. They were required to abstain from
exercise during the 72 h prior to each experimental session and to abstain from alcohol and
caffeine consumption during the 12 h prior.

After ascertaining the inclusion criteria, participants were familiarized with all the
experimental procedures during the first experimental session. Moreover, height (cm) and
body mass (kg) were measured to the nearest decimal using a Jenix DS-102 stadiometer
(Dong Sahn Jenix Co., Ltd., Seoul, South Korea). During the second experimental session,
participants performed the modified 505 test (Mod505) [26], in which they were required
to sprint forward for 5 m, make a 180° COD while on the force plates, and sprint back for
another 5 m. Participants were instructed: (a) to start 0.5 m from the start line with their
preferred foot forward in a two-point stance; (b) to have a straight trajectory toward the
force plates; (c) to make the COD with the external leg on a visual target (X) highlighted
on the middle of the second force plate; (d) to exert maximal effort during the entire
course of the test. Participants performed several trials (5 to 7) for each leg (alternating
one trial for each leg) with a 2 min resting period in between. A trial was included in the
analysis if the participants had a straight trajectory toward the force plates without prior
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stuttering or prematurely turning prior to final contact and made full contact with the force
plates during the three foot-contacts of the turning phase [30]. Inspection of full contacts
was performed at the end of each trial using two video cameras synchronized with the
Optojump photoelectric system and the force plate software showing the pushing area of
the foot. The fastest four trials were considered suitable for analysis and the average value
for each investigated variable was used for the statistical analysis.

Participants used the same model of basketball shoes (Adidas Pro Bounce 2019, Herzo-
genaurach, Germany) to reduce the variability given by the use of different types of sports
shoes. Before the experimental session, they completed a standardized warmup involving
3 min of jogging on a treadmill followed by dynamic stretching, squats, frontal and lateral
lunges, short accelerations, directional changes, and submaximal trials of the test.

The experimental protocol was executed in a laboratory setting (Figure S1) with the
simultaneous use of two adjacent embedded force plates with a sampling rate of 2400
Hz (60 cm x 90 cm; BMS 600900 OPTIMA™ Biomechanics Measurement Series, AMTI,
Watertown, MA, USA) and an Optojump photoelectric system (OptojumpNext, Microgate,
Bolzano, Italy) placed beside the force plates, covering the entire 5 m course. The transmitter
and receiver bars were placed 2 m apart. Force plates were covered with anti-slip tape to
prevent slippage. Moreover, a set of a timing lights system (SMARTSPEED; Fusion Sports,
Queensland, Australia) was placed in correspondence with the start/stop line at the hip
height of participants to avoid other body parts (unless the lower torso) activating the
infrared light.

2.4. Data Processing

Due to the use of two adjacent force plates, the definition of the turning phase from
one direction to the new direction was achieved, consisting of three consecutive foot
contacts: (1) the PFC, defined as the second last foot contact with the first force plate
before moving towards a new intended direction [17]; (2) the FFC, defined as the turning
foot while in contact with the second force plate to initiate the movement towards a new
intended direction [17]; and (3) the AFC, defined as the first accelerating foot contact with
the first force plate moving in the new intended direction. The PFC and FFC have been
previously investigated [14,17,19], whilst the AFC was first evaluated in this study. A
preliminary analysis was completed to verify the composition of each foot contact, using
the resultant GRE. Accordingly, the PFC consisted only of a braking phase, whilst the FFC
consisted of both the braking and propulsive phases, as already demonstrated in previous
research [14,17,19]. In contrast, two executions have been identified for the AFC, with some
trials characterized by both braking and propulsive phases and some trials encompassing
only a propulsive phase. Therefore, considering the execution of the AFC, each trial for
every participant was categorized as a braking/propulsive trial or only-propulsive trial
and was included in the analysis in an attempt to explain possible differences for the
investigated variables.

Data from force plates were collected using Cortex software (version 3.6.0; Motion
Analysis Corp., Santa Rosa, CA, USA), digitally filtered at 25 Hz using a Butterworth low-
pass filter, and imported and analyzed with Microsoft Excel (Microsoft Corp, Redmond,
WA). The three components of the GRF were vertical (Fz), anterior-posterior (horizontal;
Fx), and mediolateral (Fy). Foot contact was defined from the initial contact (touchdown),
when the vertical GRF was above a threshold of 10 N, to the final contact (takeoff), when
the vertical GRF was below a threshold of 10 N [10,31]. The identification of the braking
and propulsive phases was based on the bimodal resultant GRF profile. The braking
phase spans from the initial contact to the minimal value between the two peaks, while
the propulsive phase spans from the minimal value between the two peaks to the takeoff.
Therefore, for AFC classification, the braking/propulsive trials were characterized by a
bimodal GRF profile with two peaks, whilst the only-propulsive trials were characterized
by a unimodal GRF profile with a single peak (Figure 1).
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Figure 1. Example of vertical ground reaction force (GRF) profiles for (A) penultimate foot contact (PFC), (B) final foot
contact (FFC), and first accelerating foot contact (AFC) in case of (C) only-propulsive trials and (D) braking/propulsive
trials, used for the identification of the braking and propulsive phases.

The variables obtained from the force plates for each foot contact (for either braking,
propulsive, or both phases) included: braking, propulsive, and total contact time (CT); peak
relative braking and propulsive GRF for both vertical and horizontal components (VGRF
and HGREF); relative braking, propulsive, and total impulse for both vertical and horizontal
components (VImp and HImp). All GRF and impulse variables were normalized by body
mass. Moreover, peak braking and propulsive resultant GRFs were calculated using the
Pythagorean theorem [17]:

resultant force = \/ (vertical forcez) + (horizontal force2>

The variables derived from the Optojump system (directly provided by the dedicated
software, version 1.12.15, OptojumpNext, Microgate, Bolzano, Italy) were step length and
approach velocity. Step length was calculated as the tip-to-tip distance from one foot to the
next (i.e., right-left, left-right). According to the manufacturer’s instructions, velocity was
calculated as V = L/(Tc + Tf), where L is step distance, Tc is contact time, and Tf is flight
time; all parameters were previously investigated for their reliability in gait analysis [32].
Therefore, approach velocity referred to the velocity at the last foot contact before the
turning phase. A preliminary assessment of the data among trials revealed that approach
velocity at the last foot contact before the turning phase was the last one with increasing
velocity, then the PFC (i.e., the first foot contact of turning phase) consistently showed a
decrease in velocity.

Finally, the completion time was measured to the nearest 0.01 s and used as the
outcome of COD performance.

The measurement of the investigated variables demonstrated “moderate” to “ex-
cellent” internal consistency reliability, ascertained by intraclass correlation coefficients
(two-way mixed effects, average measures, absolute agreement). Intraclass correlation
coefficients with the 95% confidence intervals are reported in Table S1 in the Supplemen-
tary Materials. Furthermore, a recent investigation demonstrated the concurrent validity
and internal consistency reliability for the use of the force plate and Optojump system in
evaluating the sprint test with a 180° COD [31].
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2.5. Statistical Analysis

Data were analyzed using the Statistical Package for the Social Sciences, version 25.0
(SPSS Inc., Chicago, IL, USA). The level of statistical significance was set at p < 0.05 for
all computations. The normality assumption for each variable was verified using the
Shapiro-Wilk test, which confirmed the normal distribution of data.

Since prior analysis showed no gender differences for the investigated variables, data
from male and female participants were pooled. Moreover, since the analysis for the stance
and kicking legs did not reveal differences, the data were pooled to further increase the
sample size. Statistics are provided in Table S2 of the Supplementary Materials.

Differences between braking/propulsive and only-propulsive trials were investigated
with paired t-test. Cohen’s d effect sizes (ESs) were calculated and interpreted as trivial
(<0.19), small (0.20-0.59), moderate (0.60-1.19), large (1.20-1.99), very large (2.0-4.0), and
extremely large effects (>4.0) [33].

Independent sample -tests were applied to ascertain differences between faster and
slower performers and between the high-playing-level and low-playing-level groups for
both braking/propulsive and only-propulsive trials. Hedges’ g effect sizes (ESs) were
calculated and interpreted as trivial (<0.19), small (0.20-0.59), moderate (0.60-1.19), large
(1.20-1.99), very large (2.0-4.0), and extremely large effects (>4.0) [33].

A stepwise multiple regression analysis was separately executed for the braking/
propulsive and only-propulsive trials to create a model able to explain the prediction of the
completion time from the spatial-temporal and kinetic variables. For braking/propulsive
trials, the predictors included in the model were: step length, CT, braking VGRF, HGRF,
VImp, and HImp for the PFC; step length, total, braking, and propulsive CT, braking and
propulsive VGRF and HGRE, total, braking, and propulsive VImp and HImp for the FFC;
step length, total, braking, and propulsive CT, braking and propulsive VGRF and HGREF,
total, braking, and propulsive VImp and HImp for the AFC; approach velocity.

For only-propulsive trials, the predictors included in the model were: step length,
CT, braking VGRE, HGRE, VImp, and HImp for the PFC; step length, total, braking, and
propulsive CT, braking and propulsive VGRF and HGRE, total, braking, and propulsive
VImp and HImp for the FFC; step length, CT, propulsive VGRF and HGRF, VImp, and
HImp for the AFC; approach velocity. Multicollinearity was ascertained using tolerance
and the variation inflation factor (VIF) to verify the degree of correlations among the
included predictors. Values lower than 0.20 for tolerance and higher than 10 for VIF
denoted the presence of multicollinearity.

3. Results
3.1. Characterization of the Mod505 Performance and Turning Phase

A descriptive analysis of the entire course of the Mod505 revealed a total number
of between 8 and 10 steps to complete the test. The shortest step length was for the
AFC (80.6 £ 9.9 cm), whilst the last step was the longest (154.4 £ 23.4 cm). The approach
velocity at the last foot contact before the turning phase was 5.40 & 0.47 m/s. The turning
phase lasted an average of 1.22 & 0.17 s considering all the trials, representing 44.2% of the
average completion time (2.77 £ 0.14 s).

3.2. Analysis of Different Executions

Based on the execution of the AFC, the trials of every participant have been classified
as braking/propulsive (65.8%) or only propulsive (34.2%). No differences emerged for
completion time (braking/propulsive trials: 2.71 & 0.13 s; only-propulsive trials: 2.73 &
0.12 s), approach velocity (braking/propulsive trials: 5.46 & 0.51 m/s; only-propulsive
trials: 5.52 & 0.46 m/s), and turning phase (braking/propulsive trials: 1.22 + 0.17 s; only-
propulsive trials: 1.23 & 0.21 s). Significant differences (p < 0.05) between trials emerged for
braking VGRF and resultant GRF in the PFC, braking and total VImp and braking HImp in
the FFC, and propulsive VGRF and HGREF, total VImp, propulsive resultant GRF, and step
length in the AFC (Table 1).
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Table 1. Comparisons of spatial-temporal and kinetic variables during the turning phase between braking/propulsive and
only-propulsive trials (mean + SD).

Braking/Propulsive  Only-Propulsive

Variables Trials Trials p (ES)
4% Total CT (s) 0.385 + 0.103 0.391 £ 0.13 0.677 (0.07)
%' Braking VGRF (N/kg) 27.0+7.3 28.0+74 0.018 (0.41)
% Braking HGRF (N/kg) 15.1 £4.1 155 £ 4.1 0.137 (0.25)
i Braking VImp (N-s/kg) 23+£05 23+04 0.654 (0.08)
é Braking HImp (N-s/kg) 14+£03 14+£03 0.935 (0.01)
% Braking resultant GRF (N/kg) 305+ 8 31.6 £ 8.1 0.012 (0.44)
E) Step length (cm) 113.7 £ 33.9 116.7 £ 34.2 0.145 (0.24)
Braking CT (s) 0.223 +0.036 0.230 + 0.047 0.297 (0.18)
Propulsive CT (s) 0.300 £ 0.055 0.301 + 0.069 0.937 (0.01)
Total CT (s) 0.524 £+ 0.07 0.534 £+ 0.083 0.303 (0.17)
Braking VGRF (N/kg) 21.5+49 219+43 0.510 (0.11)
- Propulsive VGRF (N/kg) 143+ 1.1 144+13 0.260 (0.19)
& Braking HGRF (N/kg) 163+ 3 16.7 £ 25 0.148 (0.24)
g Propulsive HGRF (N/kg) 11.1£1.6 109+ 14 0.177 (0.23)
ot Braking VImp (N-s/kg) 27+04 28+0.5 0.023 (0.40)
S Propulsive VImp (N-s/kg) 3.0+05 3.1+0.6 0.490 (0.12)
LT: Total VImp (N-s/kg) 57+ 0.6 59+0.7 0.021 (0.40)
5 Braking HImp (N-s/kg) 22+04 23+04 0.013 (0.41)
P Propulsive HImp (N-s/kg) 23+03 22+04 0.316 (0.17)
Total HImp (N-s/kg) 44405 45+0.5 0.184 (0.22)
Braking resultant GRF (N/kg) 270+ 54 27.3 + 4.8 0.632 (0.08)
Propulsive resultant GRF (N/kg) 181 +17 187 +4 0.312 (0.17)
Step length (cm) 91.0 £ 135 923+ 11.9 0.425 (0.13)
Braking CT (s) 0.089 + 0.032 N/A N/A
Propulsive CT (s) 0.224 £+ 0.048 N/A N/A
= Total CT (s) 0.313 & 0.065 0.301 £+ 0.06 0.219 (0.21)
‘E Braking HGRF (N/kg) 89128 N/A N/A
S Propulsive VGRF (N/kg) 16.1+1.9 16.7 £1.9 0.007 (0.48)
= Braking HGRF (N/kg) 46+16 N/A N/A
2 Propulsive HGRF (N/kg) 9.0+ 14 93+13 0.016 (0.42)
!éo Braking VImp (N-s/kg) 05+0.2 N/A N/A
= Propulsive VImp (N-s/kg) 22+04 N/A N/A
8 Total VImp (N-s/kg) 27+0.3 26+0.3 0.005 (0.50)
Euj Braking HImp (N-s/kg) 02+0.1 N/A N/A
< Propulsive HImp (N-s/kg) 12£02 N/A N/A
@ Total HImp (N-s/kg) 14+0.1 14+£02 0.162 (0.02)
2 Braking resultant GRF (N /kg) 96432 N/A N/A
Propulsive resultant GRF (N/kg) 184 +£22 19.0 £ 2 0.020 (0.41)
Step length (cm) 81.8+9.6 779 £10.8 0.024 (0.38)

Note: AU = arbitrary unit; CT = contact time; ES = effect size; HGRF = horizontal ground reaction force; HImp = horizontal impulse;
N/A = not available; VGRF = vertical ground reaction force; VImp = vertical impulse.

3.3. Analysis of COD Performance

Faster performers (completion time = 2.61 & 0.07 s) revealed higher values for ap-
proach velocity (faster: 5.72 + 0.42 m/s; slower: 5.13 & 0.36 m/s; p < 0.001, ES = 1.51)
compared with slower performers (completion time = 2.92 & 0.06 s). For step length, dif-
ferences between faster and slower performers emerged in the PFC (faster: 126 & 32.2 cm;
slower: 96.8 + 31.4 cm; p = 0.005, ES = 0.92) and the FFC (faster: 95 £ 9.3 cm; slower: 85.2
£ 14.6 cm; p = 0.011, ES = 0.82) for the braking/propulsive trials, whilst only in the PFC
(faster: 123.3 £ 31.2 cm; slower: 97.9 & 37.6 cm; p = 0.042, ES = 0.75) for the only-propulsive
trials, compared with slower performers A similar time for turning phase emerged for
both braking/propulsive (faster: 1.19 & 0.11 s; slower: 1.22 £ 0.13 s; p = 0.343; ES = —0.29)
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and only-propulsive (faster: 1.21 £ 0.14 s; slower: 1.18 £ 0.13 s; p = 0.556; ES = 0.22) trials.
Significant differences (p < 0.05) between faster and slower performers emerged for kinetic
variables and are presented in Table 2. For braking/propulsive trials, faster performers
exhibited: (a) greater braking VGRF, HGRF, HImp, and resultant GRF in the PFC; (b) greater
braking and propulsive HGRF, braking HImp, propulsive resultant GRFE, lower propulsive
and total CT, and propulsive and total VImp in the FFC; (c) greater propulsive HGREF,
propulsive and total HImp, propulsive resultant GRE, lower propulsive CT, and propulsive
and total VImp in the AFC, compared with slower performers. For only-propulsive trials,
faster performers exhibited: (a) greater braking HGRF in the PFC; (b) greater braking and
propulsive HGRE, braking and total HImp, and lower propulsive VImp in the FFC; (c)
greater propulsive HGRF and HImp in the AFC, compared with slower performers.

Table 2. Comparison of kinetic variables during the turning phase between faster and slower performers for brak-

ing/propulsive and only-propulsive trials (mean + SD).

. Braking/Propulsive Trials Only-Propulsive Trials
Variables Faster Slower p (ES) Faster Slower p (ES)
I Total CT (s) 0.392 £0.068 0.355+0.084  0.119 (048) 0403 £0.084 0.352+0.091  0.116 (0.58)
Lg) Braking VGRF (N/kg) 292 £ 8.8 241+71 0.046 (0.62) 294+76 257 +£6.3 0.163 (0.52)
e Braking HGRF (N/kg) 162 +4 124 +42 0.005 (0.91) 167 £ 3.6 12.9 +36 0.005 (1.06)
(a9
g Braking VImp (N-s/kg) 23403 21405 0.066 (0.57) 22404 24405  0.201(—047)
-_S Braking HImp (N-s/kg) 15+0.2 12403 <0.001 (1.3) 14+02 1.3+0.2 0.145 (0.53)
E
g Braking resultant GRF (N/kg) 324+89 267 +77 0.03 (0.68) 33.1+8 285+ 6.8 0.099 (0.62)
[a W)
Braking CT (s) 0227 £0.04  0.223 +0.036 0.724 (0.11) 0.231 +£0.056  0.233 £0.047 0.915 (—0.04)
Propulsive CT (s) 0.277 £0.044  0.330 £ 0.055 0.001 (—1.1) 0.275+0.049 0.317 £0.069  0.055 (—0.72)
Total CT (s) 0.504 £0.059  0.552 + 0.074 0.02 (—0.73) 0.506 + 0.069  0.556 £ 0.094  0.091 (—0.63)
] Braking VGRF (N/kg) 20.8 £3.9 205£33 0.789 (0.08) 213 £35 214 +£52 0.927 (—0.03)
g Propulsive VGRF (N/kg) 144 +1 139 £ 0.9 0.088 (0.53) 147 £12 152+£09 0204 (—047)
g Braking HGRF (N/ki) 171 £27 150£25 0.012 (0.82) 174 £25 145+19 0.001 (1.29)
O Propulsive HGRF (N/kg) 119+1.6 10.0 £ 0.9 <0.001 (1.45) 11.7£15 10.6 £ 0.9 0.031 (0.79)
§ Braking VImp (N-s/kg) 27+04 26+04 0.316 (0.31) 29+06 27 +0.6 0.567 (0.21)
= Propulsive VImp (Ns/kg) 28404 33405 O 29404 34407  0.025(—086)
= .
= Total VImp (N-s/k i 55+05 59+07 0.043 (—0.63) 58 +05 6.1+09 0.19 (—0.48)
- Braking HImp (N-s/ % 23404 19+04 0.001 (1.08) 24404 19+04 0.004 (1.11)
Propulsive HImp (N-s/ 22+03 23+03 0.231 (—0.38) 23+03 23+04 0.918 (—0.04)
Total Himp (N-s/kg) 45404 43+05 0.054 (0.61) 47403 42406 0.006 (1.03)
Braking resultant GRF ( N/ki 26.7 £ 4.6 252438 0.248 (0.35) 274 +£43 257 £5.1 0.333 (0.36)
Propulsive resultant GRF (N/ 18.6 £1.7 171+£12 0.002 (1) 18.7 £1.8 18.6 £ 1.1 0.869 (0.06)
B Braking CT (s) 0.089 +0.035 0.088 +0.027  0.913 (0.03) N/A N/A N/A
) Propulsive CT (s) 0.203 £0.03  0.230 = 0.038 0.012 (—0.8) N/A N/A N/A
b= Total CT (s) 0.293 £0.052  0.316 = 0.047 0.133 (—0.46) 0.299 +0.058  0.270 4 0.048 0.143 (0.54)
S Braking VGRF (N/kg) 8.8+29 93+29 0.579 (—0.17) N/A N/A N/A
5 Propulsive VGRF (N/kg) 16.0 £2 152+ 1.6 0.162 (0.43) 17.0 £2.1 170+ 15 0.996 (0)
kel Braking HGRF (N/kg) 48+15 44+18 0.418 (0.25) N/A N/A N/A
oD Propulsive HGRF (N/kg) 96+ 1.1 76+1 <0.001 (1.82) 100+ 1 87+12 0.003 (1.12)
-é Braking VImp (N- S/ki) 04£02 05+02 0.133 (—0.46) N/A N/A N/A
I Propulsive VImp (N-s/ 21+03 23+04 0.022 (—0.72) 25+03 25+02 0.705 (—0.14)
- Total VImp (N-s/kg) 254+03 28+04 0.003 (—0.96) N/A N/A N/A
g Braking HImp (N-s/kg) 02+0.1 02401 0.53 (—0.2) N/A N/A N/A
< Propulsive HImp (N-s/kg) 1.2 +0.1 1.1+£02 0.014 (0.79) 14+£02 1.3+0.1 0.004 (1.09)
@ Total HImp (N-s/kg) 15+0. 1.3+0.3 0.045 (0.64) N/A N/A N/A
&) Braking resultant GRF (N/kg) 99+3 95+37 0.637 (0.14) N/A N/A N/A
Propulsive resultant GRF (N/kg) 18.6 £2.4 169+ 1.7 0.013 (0.78) 19.6 £2.2 189 £1.7 0.362 (0.33)

Note: AU = arbitrary unit; CT = contact time; ES = effect size; HGRF = horizontal ground reaction force; HImp = horizontal impulse;
N/A = not available; VGRF = vertical ground reaction force; VImp = vertical impulse.

3.4. Analysis of Playing Level

A significant difference emerged for height (high playing level: 181.4 £ 6 cm; low
playing level: 172.1 £ 10 cm; p = 0.001; ES = 1.13), but not for body mass (high playing
level: 76.4 £ 9 kg; low playing level: 69.5 £ 12 kg; p = 0.59; ES = 0.65).

The high-playing-level group demonstrated a shorter completion time (high playing
level: 2.69 £ 0.14 s; low playing level: 2.82 &+ 0.11 s; p < 0.001, ES = —1.05), a higher
approach velocity (high playing level: 5.68 &= 0.44 m/s; low playing level: 5.19 & 0.38 m/s;
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p <0.001, ES = —1.21), and a longer step length for PFC (high playing level: 129.4 4 29.5 cm;
low playing level: 103.4 £ 31.6 cm; p < 0.001, ES = 0.85) and FFC (high playing level:
97.2 & 7.4 cm; low playing level: 86.6 + 10.8 cm; p < 0.001, ES = 1.12). A similar time for
turning phase emerged for both braking/propulsive (high playing level: 1.20 £ 0.12 s; low
playing level: 1.24 4 0.17 s; p = 0.369, ES = —0.22) and only-propulsive (high playing level:
1.21 + 0.16 s; low playing level: 1.23 &+ 0.21 s; p = 0.672, ES = —0.12) trials. Significant
differences (p < 0.05) between the high-playing-level and low-playing-level groups emerged
for kinetic variables and are presented in Table 3. For braking/propulsive trials, the high-
playing-level group exhibited: (a) greater braking VGRE, HGRF, VImp, HImp, and resultant
GRF in the PFC; (b) greater braking and propulsive VGRE, propulsive HGREF, braking VImp,
HImp, total HImp, and propulsive resultant GRF in the FFC; (c) greater propulsive VGRF
and HGREF, braking HGREF, total HImp, propulsive and braking resultant GRF, and lower
propulsive and total CT in the AFC, compared with the low-playing-level group. For
only-propulsive trials, the high-playing-level group exhibited: (a) greater braking VGREF,
HGRE, and resultant GRF in the PFC; (b) greater braking VGREF, VImp and HImp, total
HImp, and braking resultant GRF in the FFC; (c) greater propulsive HGRF and HImp in
the AFC, compared with the low-playing-level group.

Table 3. Comparison of kinetic variables during the turning phase between the high- and low-playing-level groups for
braking/propulsive and only-propulsive trials (mean + SD).

Braking/Propulsive Trials Only-Propulsive Trials
. High . High .
Variables 2 Low Playing 2 Low Playing
Playing p (ES) Playing p (ES)
Level Level Level Level
G Total CT (s) 0.381 + 0.081 0.383 £ 0.1 0.902 (—0.03) 0.378 £0.098 0.405 £+ 0.141 0.454 (—0.22)
Lg) Braking VGRF (N/kg) 31.2+73 235471 <0.001 (1.08) 314 £55 242471 <0.001 (1.14)
§ Braking HGRF (N/kg) 16.6 £3.3 13.2+43 0.001 (0.86) 169 +3 135+ 44 0.002 (0.91)
E Braking VImp (N-s/kg) 25403 22405 0.007 (0.68) 24404 22405 0.144 (0.43)
I
.E Braking HImp (N-s/kg) 1.5+0.2 1.3+0.3 0.001 (0.85) 14+£02 1.3+03 0.076 (0.51)
g Braking resultant GRF (N/kg) 344+74 264 £78 <0.001 (1.05) 349 £59 27.6 £8.1 0.001 (1.05)
e
Braking CT (s) 0.233 +£0.031  0.216 + 0.043 0.081 (0.43) 0.239 £0.05  0.215 4+ 0.035 0.062 (0.56)
Propulsive CT (s) 0.298 +£0.037 0.313+0.059 0.225(—0.30) 0.295+0.058 0.308 +0.076  0.531 (—0.18)
Total CT (s) 0.531 +0.047 0.528 +0.071 0.858 (0.04) 0.535+0.072  0.527 4+ 0.093 0.745 (0.10)
= Braking VGRF (N/kg) 223 +52 202+3 0.037 (0.52) 234453 203 +£2.7 0.017 (0.72)
g Propulsive VGRF (N/ig) 147 +1 13.8+1.2 0.001 (0.81) 149 +1.2 143 +13 0.088 (0.51)
g Braking HGRF (N/ki) 165+25 158 £2.7 0.246 (0.29) 17.0+25 16.0 +2.5 0.190 (0.38)
V) Propulsive HGRF (N/kg) 115+13 104+ 14 0.001 (0.87) 112+13 10.7+1.3 0.151 (0.41)
‘g Braking VImp (N-s/kg 28+03 2.6 £05 0.013 (0.62) 3.0+05 26+04 0.008 (0.81)
& Propulsive VImp (Ns/kg) 3404 31406 (_0(')3%63) 31406 32407 0546 (—0.18)
= .
5 Total VImp (N-s/kg) 58+05 57 +0.6 0.258 (0.28) 6.0+ 0.6 58 £0.8 0.212 (0.37)
= Braking HImp (N-s/kg) 23+03 20+04 0.001 (0.83) 24+04 20+04 0.004 (0.86)
Propulsive HImp (N-s/kg) 23+03 22+0.3 0.579 (0.14) 23+04 22+04 0.661 (0.12)
Total HImp (N-s/kg) 46+04 43+05 0.002 (0.81) 47+04 43+05 0.002 (0.93)
Braking resultant GRF (N/kg) 27.7 £54 255 £3.7 0.05 (0.49) 28.8 £5.5 25.5+3.3 0.016 (0.73)
Propulsive resultant GRF (N/kg) 18.7£1.3 171 +£17 <0.001 (1.01) 19.6 £45 178 £1.7 0.076 (0.53)
- Braking CT (s) 0.090 + 0.037  0.087 + 0.029 0.745 (0.08) N/A N/A N/A
8 Propulsive CT (s) 0.202+£0.03  0.237 £0.053  0.003 (—0.77) N/A N/A N/A
g Total CT (s) 0.290 +£0.055 0324 £0.06  0.021 (—0.58) 0.297 +£0.066 0.302 +0.053  0.780 (—0.08)
Q Braking VGRF (N/kg) 9.6 +24 84+£3 0.07 (0.45) N/A N/A N/A
8 Propulsive VGRF (N/kg) 163 +2 153+ 1.6 0.025 (0.56) 16.6 £2.1 166 +14 0.952 (—0.02)
£ Braking HGRF (N/kg) 52+13 42+1.6 0.009 (0.67) N/A N/A N/A
b0 Propulsive HGRF (N/ig) 9.6+12 81+13 <0.001 (1.19) 9.6 +12 87+11 0.008 (0.78)
5 Braking VImp (N-s/kg) 05+02 04+02 0.537 (0.15) N/A N/A N/A
g Propulsive VImp (N-s/kg) 22403 23+04 0.056 (—0.47) 25+03 26+03 0.513 (—0.19)
- Total VImp (N-s/kg) 2.6+03 28+04 0.07 (0.45) N/A N/A N/A
5 Braking HImp (N-s/kg) 02+01 02+0.1 0.282 (0.27) N/A N/A N/A
< Propulsive HImp (N-s/%g) 1.2+0.1 1.2+0.2 0.099 (0.42) 14+£02 1.3+0.1 0.04 (0.6)
k2 Total HImp (N-s/kg) 1.5+0.1 14+£02 0.015 (0.62) N/A N/A N/A
i Braking resultant GRF (N/kg) 10.8 £25 8.8 +3.3 0.007 (0.67) N/A N/A N/A
Propulsive resultant GRF (N 188 +£22 172+19 0.001 (0.83 19 +£22 188+ 1.6 0.623 (0.14
pul 1 G /kg

Note: AU = arbitrary unit; CT = contact time; ES = effect size; HGRF = horizontal ground reaction force; HImp = horizontal impulse;
N/A = not available; VGRF = vertical ground reaction force; VImp = vertical impulse.
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3.5. Stepwise Multiple Regression Analysis

Table 4 shows the steps necessary to create the model for both braking/propulsive
and only-propulsive trials. For braking/propulsive trials, model five has been identified to
better predict the completion time, including the five predictors (i.e., FFC propulsive HGRF,
AFC propulsive HGRF, FFC propulsive VGRF, AFC Total VImp, and AFC step length) that
explain 75% of the common variance (Table 5). For the only-propulsive trials, model six
has been identified to better predict the completion time, including the six predictors (i.e.,
approach velocity, FFC braking HGRF, FFC braking VGRF, AFC propulsive HGRF, FFC
total CT, and AFC propulsive VGREF) that explain 76.2% of the common variance (Table 5).
Data for correlations (partial and part) and collinearity analysis have been reported for
the predictors included in both models for braking/propulsive and only-propulsive trials
(Table 5). In particular, the lack of multicollinearity is demonstrated from the values
higher than 0.20 for tolerance and lower than 10 for VIF for all the predictors included in
the models.

Table 4. Models derived from the stepwise multiple regression analysis.

Model R R? Ad’I‘{‘fted SEE F p
@ 1 0.708 0.501 0.493 0.100 65.3 <0.001
= 2 0.763 0.582 0.569 0.092 445 <0.001
E
3 3 0.843 0.711 0.697 0.077 516 <0.001
g
> 4 0.856 0.733 0.716 0.075 26 <0.001
=
5
& 5 0.866 0.750 0.730 0.073 36.7 <0.001
B 1 0.536 0.287 0.271 0.123 173 <0.001
ke 2 0.726 0.527 0.504 0.101 234 <0.001
& 3 0.813 0.661 0.636 0.087 26.6 <0.001
~
EY 4 0.834 0.695 0.665 0.083 238 <0.001
< 5 0.857 0.734 0.700 0.079 215 <0.001
[
= 6 0.873 0.762 0.725 0.075 20.3 <0.001

Note: For braking/propulsive trials: 1. FFC propulsive HGRF; 2. FFC propulsive HGRF, AFC propulsive HGREF; 3.
FFC propulsive HGRF, AFC propulsive HGRE, FFC propulsive VGREF; 4. FFC propulsive HGRE, AFC propulsive
HGRE, FFC propulsive VGRF, AFC Total VImp; 5. FFC propulsive HGRF, AFC propulsive HGRF, FFC propulsive
VGRE, AFC Total VImp, AFC step length. For only-propulsive trials: 1. Approach velocity; 2. Approach velocity,
FFC braking HGREF; 3. Approach velocity, FFC braking HGRF, FFC braking VGREF; 4. Approach velocity, FFC
braking HGRF, FFC braking VGRF, AFC propulsive HGRF; 5. Approach velocity, FFC braking HGRF, FFC braking
VGRE, AFC propulsive HGRE, FEC total CT; 6. Approach velocity, FFC braking HGRF, FFC braking VGRE,
AFC propulsive HGREF, FFC total CT, AFC propulsive VGRE. AFC = first accelerating foot contact; CT = contact
time; FFC = final foot contact; HGRF = horizontal ground reaction force; SEE = standard error of estimate;
VGREF = vertical ground reaction force; VImp = vertical impulse.
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Table 5. Predictive variables of completion time.

Unstandardized Standardized o . Collinearity
Coefficients Coefficients 95% CI for B Correlations Statistics
Std. Lower Upper Partial #
Model B Error Beta t(p) Bound Bound * Part Tolerance VIF
2 (Constant) 3.087 0.174 (ig'g%%) 2.738 3.435
= FFC propulsive HGRE ~ —0.076  0.009 —0771 (;g'ggf) 0093 0058 —0737 —0545 0500 2.001
£ <
g AFC propulsive HGRE ~ —0.049 0.008 0500 <g'(}§17) 0065  —0.033 —0618 —0393 0619 1616
Q.
2 FEC propulsive VGRF 0.061 0.011 052 <5(54(§)091) 0.038 0083 0569 0346 0440 2274
B AFC total VImp 0.081 0.029 0.199 (é'gg;) 0.023 0139 0334 0177 079 1257
s AFC step length ~0.002 0.001 0144 201 0004  <—00001 —0254 —0131 0831 1.203
pleng (0.045)
£ .
(Constant) 3.522 0.208 (ig-gg‘i) 3.100 3.944
3 Approach velocity —0095 0026  —0.321 (‘03(')(6)‘%‘)* —0147  —0043  —0051 —0291 0821 1217
£ .
v FFC braking HGRF ~0.030 0.007 —0551 <§'(?819) 0044 0017 —0595 —0361 0420 2326
é FFC braking VGRF 0.009 0.004 0.274 (é'(l)gg) 0.001 0016 0333 0172 0397 2516
o —
£ AFC propulsive HGRE ~ —0.048 0.014 ~0.403 (03(5%%? 0075 0021 —0498 —0280 0484  2.064
Y A
z FFC total CT 0.402 0.178 0217 (20-2053?; 0.041 0762 0343 0178 0675 1482
AFC propulsive VGRF 0.018 0.008 0.226 (20'10242) 0.001 0035 0325 0168 0553  1.807

Note: AFC = first accelerating foot contact; CI = confidence interval; CT = contact time; FFC = final foot contact; HGRF = horizontal
ground reaction force; VGRF = vertical ground reaction force; VImp = vertical impulse. * Shared contributions of the predictors. * Unique

contributions of the predictors.

4. Discussion

This study intended to examine the effects of leg preference, COD performance,
and playing level and to explore the prediction of the completion time from spatial-
temporal and kinetic variables. The main finding of this study is a superior performance of
faster performers and the high-playing-level group (Tables 2 and 3). Moreover, this study
demonstrated for the first time the predictive variables of completion time (Table 5). The
novelty of this study is the inclusion of the first accelerating foot contact in the analysis
together with the penultimate and final foot contacts, revealing different executions. The
lack of leg preference in making directional changes supports the controversy regarding
the influence of interlimb asymmetries on sports performance. However, the inconsistency
in evidence for interlimb asymmetries also depends on a lack of consensus regarding the
definition and determination of leg preference and/or dominance [34,35].

A descriptive analysis shows that the AFC is characterized by lower values for contact
time, braking GRF and impulse in both vertical and horizontal components, and resultant
GRF compared with the PFC and FFC. Moreover, the AFC also revealed a shorter step
length compared with the PFC and FFC. In particular, shorter contact times and step
lengths might be expected to be necessary for the reacceleration in a new direction, given
that AFC is the first foot contact after turning when the horizontal velocity of the center of
mass is zero.

The finding of the different executions of the AFC was unexpected, with a higher
proportion of the trials indicating braking before the propulsive phase, even though a full
explanation has not been reached with this investigation. In fact, when braking /propulsive
and only-propulsive trials were compared with spatial-temporal and kinetic variables
(Table 1), marginal differences were found in the PFC and FFC, whereas in the AFC, higher
values for propulsive vertical, horizontal, and resultant GRFs were found for the only-
propulsive trials. However, the total vertical impulse was higher for the braking /propulsive
trials, which can be explained by the further contribution of the impulse during the
braking phase. Moreover, a difference in step length emerged between trials, with the
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braking/propulsive trials showing a longer AFC step length compared with the only-
propulsive ones. Therefore, the presence of the braking phase could be attributed to the
longer step length of the AFC. In fact, this longer step length may require a supporting
base at the initial contact resulting in the application of the braking force. This action
will also require the application of the SSC with the braking phase (i.e., eccentric action)
acting to store elastic strain energy, which is subsequently recovered during the propulsive
phase (i.e., concentric action) [36]. It is well-documented that the enhancement of sports
performance can be achieved through the amplification of the force and power produced
during the shortening cycle as a consequence of the previous elastic strain energy stored
during the lengthening cycle [5,36]. In contrast, in the only-propulsive trials, the shorter
step length allowed for the immediate exertion of the propulsive phase without the need
to accumulate elastic energy in a braking phase. This may also reflect the existence of a
different foot strike pattern between the two executions. It can be speculated that in the
braking /propulsive trials, the foot contact comprised the rearfoot strike pattern, whilst
a forefoot strike pattern was used in the only-propulsive trials [37]. Considering this
first attempt to characterize the AFC and the observation of different executions, further
research to confirm the first findings obtained by this study is highly recommended.

In line with previous research on COD performance [15-18], the current study demon-
strated differences between faster and slower performers. The higher approach velocities
for faster performers are in accordance with previous research on 505 tests [17] and athletes
with higher eccentric strength [30]. Recently, approach velocity has been recognized as an
important factor influencing COD performance, together with the angle of the COD (e.g.,
from 45° to 180°) [13]. Therefore, this study can contribute new evidence to the existing
knowledge about approach velocity, using a photoelectric system for its determination.
Further evidence is also provided for the step length, showing that a faster performance
required longer steps length in the PFC and FFC, whilst no differences emerged for the AFC.

Regarding kinetic variables, several profiles and characteristics can be highlighted.
For the PFC, the results demonstrate greater values for braking vertical and horizontal
GRFs, horizontal impulse, and resultant GRF for faster performers, even though the contact
times were similar. Therefore, for the same ground contact time, a higher force was exerted.
Considering the higher approach velocities, these results might indicate that higher force
production is necessary for the deceleration of the body [17]. Moreover, a higher force
production has been associated with superior movement mechanisms and strength capacity,
hence increasing the exit velocity during COD movements [16,38]. In particular, eccentric
strength has been determined as the sole predictor of a 505 test in a sample of female
basketball players [38]. Therefore, the single braking phase characterizing the PFC may
explain the need for higher eccentric action to decelerate the body. For the FFC, higher
values of horizontal GRF in both braking and propulsive phases, coupled with shorter total
contact times, vertical propulsive, and total impulses, may confirm an efficient application
of the SSC [17]. Considering that the FFC consisted of both braking and propulsive phases,
faster performers might display superior ability in maximizing the application of the SSC,
compared with their slower counterparts [17], based on the shorter ground contact times
and impulses in the vertical component. Similarly, considering the braking/propulsive
trials of the AFC, faster performers demonstrated lower values for contact time and vertical
propulsive and total impulses, which can be required to accelerate the body. Therefore,
the comparisons of kinetic variables between faster and slower performers may explain
the action of foot contacts, with the PFC and FFC remaining critical foot contacts for
reducing the momentum of the center of mass [15,19], whilst the AFC is important for the
acceleration of the body in the new direction.

Higher- and lower-skilled athletes have been commonly investigated for completion
time, revealing COD speed tests are not able to discriminate playing level [23-27]. Con-
versely, in this study, the high-playing-level group had a lower completion time and a
higher approach velocity. These results may have also determined the longer step lengths
and the higher values for force-related variables in both the PFC and FFC compared with
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the low-playing-level group, even though similarities existed for the contact times. Greater
force production during the braking phase in the PFC is required to start reducing the
momentum of the center of mass due to the higher approach velocity [17]. However,
contradictory results emerged in the FFC, with higher values for GRFs in both braking
and propulsive phases, but also for impulses, which prevent the confirmation of a superior
application of the SSC. Regarding the AFC, the high-playing-level group exhibited shorter
contact times, as a result of the shorter propulsive phase, and higher values for GRFs
during the propulsive phase, but only a difference for the total horizontal impulse. A supe-
rior reacceleration capacity in the new direction for the AFC is still speculated. However,
the effect of playing level on spatial-temporal and kinetic variables may require further
investigation to confirm the presented findings.

The regression analysis was proposed to explore the prediction of the completion
time from spatial-temporal and kinetic variables. Different models emerged for brak-
ing/propulsive and only-propulsive trials, comprising variables of the FFC and AFC, with
>75% of the variance of completion time being explained. The propulsive horizontal GRF
of the AFC was the only variable in common between the two trials. This result, combined
with the higher propulsive horizontal GRF values found for faster performers and the
high-playing-level group in both braking/propulsive and only-propulsive trials, might
highlight the role of this variable as an important determinant of COD performance. The
total vertical impulse and step length of the AFC were also included in the model for the
braking/propulsive trials, together with propulsive horizontal and vertical GRF of the
FFC. Therefore, the predictive analysis showed the importance of including the AFC in
the assessment of a 180° COD test for a complete characterization of the turning phase.
Conversely, none of the variables of the PFC were included in both models, even though
the PFC has always been considered a critical determinant of the COD performance [14].
Moreover, recent research suggests that the antepenultimate foot contact might play a
superior role in deceleration compared with the PFC [18]. Unfortunately, the antepenulti-
mate foot contact was not included in the current investigation. However, we suggest that
the turning phase should be investigated for all foot contacts composition. In summary;,
for braking/propulsive trials, an AFC characterized by a higher propulsive horizontal
GREF and step length and a lower total vertical impulse, and an FFC characterized by a
higher propulsive horizontal GRF and a lower propulsive vertical GRF, can predict shorter
completion time. Conversely, for only-propulsive trials, an AFC characterized by a higher
propulsive horizontal GRF and lower vertical GRE, and an FFC characterized by a higher
braking horizontal GREF, a lower braking vertical GRF and total contact time, and a higher
approach velocity, can predict shorter completion time. It might be speculated that ap-
proach velocity may play a role in discriminating between the two different executions and
could determine the other kinetic variables since it entered the predictive model only for
only-propulsive trials. Therefore, due to the differences in models and predictive variables,
further research is necessary to fully explain the different executions identified in this study.

The present study has some limitations that need to be addressed and can serve as
guidance for future research. The present findings cannot be extended to COD tests with a
different degree of angle, since the COD performance is angle- and velocity-dependent [12].
Therefore, the turning phase can be investigated with different COD tests. Approach
velocity was determined with a photoelectric system which, though reliable, is not as
accurate as other methods. Future research can consider the measurement of approach
velocity with trunk and lower limbs’ center of mass computation as proposed in previous
investigations [17,30]. Moreover, 3D motion analysis has not been applied in the current
study, limiting the investigation of kinematic determinants of the turning phase. It is
strongly advised to replicate the current study design while adding 3D motion analysis.
Although differences did not emerge between female and male participants, the different
sample sizes between the two groups did not allow us to make definitive conclusions. It
is advised to explore the gender differences using the same sample sizes. Similarly, all
participants were basketball players, hence these findings cannot be generalized to other
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team sports players. Another limitation of this study, due to the laboratory setting, is the
impossibility of really detecting different strategies used by participants and the potential
interaction between dominance/preference and strategy. This is considered a critical
issue when investigating preplanned action in a laboratory setting and the implication for
training and agility actions (i.e., unplanned COD in response to a stimulus), which occur
in open-skill conditions, such as team sports [18]. However, this study implemented an
experimental approach to the investigation of the turning phase in several team sports
players. The present investigation suggests that the penultimate, final, and first accelerating
foot contacts should be assessed for a comprehensive understanding of the turning phase.
Together with previous research [15-19,21], we have evidence from four foot contacts
characterizing the 180° COD performance. However, further research can be encouraged
to extend the analysis of other foot contacts and their contribution to completion time.

5. Conclusions

The present study provided a characterization of the turning phase during the mod-
ified 505 test, demonstrating that each of the three foot contacts can play an important
role in COD performance. In particular, the PFC and FFC are considered critical foot
contacts for the deceleration of the body and the preparation for reacceleration in the new
direction. Conversely, the AFC is the first foot contact after turning when the horizontal
velocity of the center of mass is zero and the reacceleration in the new direction has to be
executed. Among several spatial-temporal and kinetic variables, the propulsive horizontal
GRF of the AFC can be emphasized, as it is able to indicate faster performers and the
high-playing-level group and predict faster completion times in both braking/propulsive
and only-propulsive trials. The findings of this study can be translated to practical impli-
cations for training. An important component of COD speed is the deceleration phase,
meaning that athletes should have a high braking ability. Furthermore, an efficient COD
performance can be achieved with a fast transition from the deceleration phase to the accel-
eration phase, meaning a fast coupling of eccentric and concentric muscle action, which is
an expression of the SSC. Therefore, to achieve these goals, it is confirmed that training
programs should be implemented with strength training [39]. Due to the contribution of
eccentric, concentric, dynamic, and isometric strength to COD performance [38], a variety
of exercises may be proposed in order to enhance the ability to change momentum and
coordinate body movement within the constraints of the activity [39]. Among the several
forms of strength training, the application of eccentric training for the improvement of the
braking ability of athletes has been recently emphasized. Eccentric exercises can be exe-
cuted under several conditions and modalities, as summarized in recent reviews, and are
strongly recommended for the wide spectrum of training adaptations [40—42]. Moreover,
exercises for the application of the SSC should be implemented. Change-of-direction speed
can surely benefit from a variety of exercises considering machine-based, elastic band, and
plyometric exercises, particularly when executed in a unilateral, multiplanar, and multidi-
rectional fashion, to replicate the demands of team sports performance. Therefore, to be
faster in performing directional changes, athletes should follow these recommendations.
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Abstract: Gymnastics athletes are exposed to a high risk of injury, but also of developing muscu-
loskeletal pain. These data are still little investigated in the available scientific literature. An online
survey was distributed to 79 professional athletes who practiced artistic and rhythmic gymnastics.
The survey collected demographic and anthropometric data, information about the sport practice,
the training sessions, the prevalence of musculoskeletal pain gymnastics-related, and lifestyle habits.
Musculoskeletal pain had a high prevalence, involving 65 of 79 athletes (82.3%). A significant correla-
tion was found between musculoskeletal pain and the duration of sports practice, both for general
pain (p = 0.041) and for specific districts: right wrist pain (p = 0.031), left wrist pain (p = 0.028), right
shoulder (p = 0.039), left hip (p = 0.031), right thigh (p = 0.031), and left knee (p = 0.005). Another
statistical association was found between right wrist pain and BMI (p = 0.001), and hip pain and
BMI (p = 0.030). Hours spent in a sitting position were also correlated with the incidence of pain
(p = 0.045). Wrist pain and right shoulder pain had a statistically significant association with the age
of the athletes (right wrist pain: p = 0.038; left wrist pain: p = 0.004; right shoulder pain: p = 0.035).
The more the gymnasts practice this sport, the more likely they are to develop musculoskeletal pain.
Increased age and a higher BMI, as well as daily prolonged sitting position, seem to be potential risk
factors for the onset of musculoskeletal pain. Future studies could plan training strategies aimed at
preventing musculoskeletal pain associated with gymnastics, in order to promote its further spread.

Keywords: overload training; wrist pain; injury prevention; overuse; sitting position

1. Introduction

Gymnastics is a grueling sport that requires considerable physical and mental effort
for a continuous search for harmony between biomechanics and aesthetics efforts. Current
International Gymnastic Federation (IGF) disciplines include rhythmic gymnastics and
artistic gymnastics, which is further divided in men’s artistic gymnastics (MAG) and
women’s artistic gymnastics (WAG) [1].

Gymnastic elements that must be assimilated and acquired by gymnasts necessarily
require the development of coordination, joint mobility, postural adaptation, strength,
speed, rhythm, agility, and dynamism. In rhythmic gymnastics, a refined quality of
motor control, excellent expression skills, and elegance of the technical gesture are quite
important [2-5].

In order to achieve the proper skills required for a correct execution of sports gestures
from an early age, high-performance training is required. The athletes usually train for,
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on average, 25-30 h per week and, in some cases, 40 h per week. This is due to the high
technical demands of this sports discipline [6]. Therefore, it is reasonable to hypothesize
that rhythmic and artistic gymnastics are sports that put athletes at risk of musculoskeletal
disorders such as wrist pain [5], low-back pain [2,7-11], shoulder pain [12,13], postural
disorders [14,15], and many injuries [16,17], all mainly caused by overuse and repeating
the same gestures several times for every type of training.

In addition, this sports practice, that usually begins at an early age, lasts throughout
the growth period, including the phases of rapid growth [18]; consequently, gymnasts
are exposed to injuries and to the onset of musculoskeletal pain (MP) [10] related to
sports practice.

Gymnastics is affected by a high incidence of sport-related pain and lesions [7]. Since
the number of those who practice these sports has increased over the years [19], there is a
risk of an increase in the costs of medical care, so it is crucial to design strategies for the
prevention of MP and injuries.

Moreover, it is also interesting for gymnasts to try to understand if and how lifestyles,
especially in professional athletes, affect the onset of musculoskeletal pain. This is all the
more interesting in a historical period such as the present one, in which the restrictions
on the usual sporting activity imposed by the COVID-19 pandemic have led to inevitable
postural and musculoskeletal dysfunctions [20,21].

The aim of this study is to determine the prevalence of musculoskeletal pain, differen-
tiated by anatomical districts, in a cohort of artistic and rhythmic professional gymnasts
and to investigate the main risk factors involved.

2. Materials and Methods
2.1. Study Design and Participants

The study model is that of an observational retrospective study.

All gymnasts were professional athletes. An online survey was set up using Google
Forms. The survey was distributed by email on 12 June 2020 and was requested to be
completed and submitted by 27 June 2020.

Informed consent was obtained from all participants involved in this study; in the case
of underage athletes, consent forms were filled by parents (or by holder of the responsibility
on the minor).

All the procedures were conducted in accordance with the principles set forth in the
Helsinki Declaration.

2.2. Procedures

The survey consisted of multiple choice and open-ended questions divided in three
different sections:

The first section provided information about the study and contained the informed
consent; this section also includes demographic and anthropometric data.

The second section concerned the athletes” practice and the characteristics of the
training sessions.

The third section focused on musculoskeletal pain related to specific sports activities.
To define this pain, we gave gymnasts the following definition: “Any pain involving
muscles, tendons, and joints that occurs in a manner closely related to the specific sports
practice, and that recurs in a cyclical way following the usual gymnastic sessions, in the
absence of specific traumas that can justify it”. In order to delve into the origin of MP, we
collected data about lifestyle habits that could also affect the onset of MP (daily hours spent
in a sitting position, for usual daily activities such as working or studying).

2.3. Statistical Analysis

Continuous variables are expressed as mean =+ standard deviation and range; cate-
gorical variables are expressed as proportions, with an indication of the 95% confidence
interval (95% CI), where deemed appropriate. The x 100 person-months incidence rate
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was calculated using the sports activity time (months) as the denominator and the number
of events as the numerator; 95% CI was subsequently indicated.

Univariate logistic regression was used to evaluate the association between dichotomic
outcomes and determinants; the odds ratio (OR) was calculated with the indication of
95% CI.

A p-value < 0.05 was considered significant for all tests.

All the statistical analyses were conducted using the Excel Real Statistics Resource
Pack (Microsoft Corporation, Redmond, WA, USA).

3. Results

The cohort consisted of 79 athletes: 54 rhythmic gymnasts, 24 WAG athletes, and
1 MAG athlete, whose demographic characteristics are described in Table 1.

Table 1. Sample demographic characteristics.

Variable Value
Females, n (%) 78 (98.7%)
Age, mean + DS (range) 13.7 + 3.0 (6-21)
Height (mt); mean £ DS (range) 1.55 + 0.13 (1.20-1.83)
Weight (kg); mean £ DS (range) 44.6 + 10.0 (24-77)
BMI; mean + DS (range) 18.4 + 2.1 (14.1-23.7)
Discipline; 1 (%)
Rhythmic gymnastics 54 (68.4)
Artistic gymnastics 25 (31.6)
Practice period (months); mean £ DS (range) 80.5 £ 37.0 (0-180)
Number of training sessions per week; mean + DS (range) 41+13(2-8)
Hours spent in a sitting position per day; n (%)
Less than 2 hours 19 (24.1)
Between 2 and 4 hours 26 (32.9)
Between 4 and 6 hours 18 (22.8)
Between 6 and 8 hours 15 (19.0)
More than 8 hours 1(1.2)

As described in Table 2. A total of 65 out of 79 athletes (82.3%) experienced recurrent
MP related to gymnastics practice.

The period of sports practice is strongly correlated with the incidence of pain (OR = 1.01;
95% CI = 1.01-1.04; p = 0.041). In particular, the athletes who have practiced for many years
are more affected by painful wrist syndromes: wrist pain has a statistically significant asso-
ciation with the period of sports practice (right wrist pain: OR = 1.02, 95% CI = 1.01-1.03,
p = 0.031; left wrist pain: OR = 1.02, 95%, CI = 1.01-1.04, p = 0.028), but also with the age
of the athletes (right wrist pain: 1.23; 95%, CI = 1.01-1.50, p = 0.038; left wrist pain: 1.46,
95% CI =1.13-1.90, p = 0.004). Another statistical association is between right wrist pain
and BMI (OR = 1.72, 95% CI = 1.24-2.39, p = 0.001).

The same evidence was found for right shoulder pain. Gymnasts more prone to muscu-
loskeletal pain in this anatomical region are the older athletes (OR = 1.30,
95% CI = 1.02-1.66, p = 0.035) and the ones who have practiced sports for a longer time
(OR =1.02, 95% CI = 1.01-1.04, p = 0.039); at the same time, the hip pain is associated
with the period of sports practice (OR = 1.02, 95% CI = 1.01-1.03, p = 0.031) and with BMI
(OR =1.47,95% CI = 1.04-2.07, p = 0.030).
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Table 2. Prevalence of pain and incidence x 100 months-person, by anatomical district.

Prevalence Incidence x 100 Months-Person
District " % 95% CI Inc. 95% CI
Musculoskeletal pain 65 82.9 72.1-90.0 10.2 8.0-13.0
Right hand 0 0.0 0.0-4.6 0.0 -
Left hand 0 0.0 0.0-4.6 0.0 -
Right wrist 15 19.0 11.0-29.4 24 1.4-3.9
Left wrist 10 12.7 6.2-22.0 1.6 0.8-2.9
Right elbow 1 1.3 0.3-6.9 0.02 0.01-0.11
Left elbow 0 0.0 0.0-4.6 0.0 -
Right shoulder 9 11.4 5.3-20.5 1.4 0.1-2.7
Left shoulder 9 11.4 5.3-20.5 1.4 0.1-2.7
Cervical spine 0 0.0 0.0-4.6 0.0 -
Dorsal spine 10 12.7 6.2-22.0 1.6 0.8-2.9
Lumbar spine 19 241 15.1-35.0 3.0 1947
Sacrococcygeal spine 8 10.1 4.5-19.0 1.3 0.1-2.5
Right hip 13 16.5 9.1-26.5 2.0 1.2-35
Left hip 9 11.4 5.3-20.5 1.4 0.1-2.7
Right thigh 13 16.5 9.1-26.5 2.0 1.2-3.5
Left thigh 12 15.2 8.1-25.0 19 1.1-3.3
Right knee 21 26.6 17.3-37.7 3.3 2.2-5.1
Left knee 21 26.6 17.3-37.7 3.3 2.2-5.1
Right ankle 20 17.7 16.2-36.4 3.1 2.0-49
Left ankle 14 17.7 10.0-27.9 22 1.3-3.7
Right foot 3.8 0.8-10.7 0.05 0.02-0.15
Left foot 2 2.5 0.3-8.8 0.03 0.00-0.13

There is also a significant association between right thigh pain and the period of sports
practice (OR =1.02, 95% CI = 1.01-1.03, p = 0.031), and also between left knee pain and the
period of sports practice (OR = 1.02, 95% CI = 1.01-1.04, p = 0.005).

A total of 43.6% of the sample spent more than 4 hours in a seated position; it emerged
that the athletes who spent more daily hours in a sitting position were more exposed to
MP (OR =1.91, 95% CI = 1.01-3.59, p = 0.045).

4. Discussion

We found a significant correlation between musculoskeletal pain and the duration
of sports practice, both for general pain (OR = 1,01, 95% CI = 1.01-1.04, p = 0.041)
and for specific districts: right wrist pain (OR = 1.02, 95% CI = 1.01-1.03, p = 0.031),
left wrist pain (OR = 1.02, 95% CI = 1.01-1.04, p = 0.028), right shoulder (OR = 1.02,
95% CI = 1.01-1.04, p = 0.039), left hip (OR = 1.02, 95% CI = 1.01-1.03, p = 0.031), right thigh
(OR =1.02, 95% CI = 1.01-1.03, p = 0.031), and left knee (OR = 1.02, 95% CI = 1.01-1.04,
p = 0.005). This evidence is in line with the current scientific literature. In fact, MP is more
frequent in high frequency and intensity sports [17,18] and in long sports practice [17].
In 2016, Kamada et al. [19] carried out research into the dose-response relationship be-
tween sports activity and MP in adolescents and found that each additional 1 h/wk of
sports activity was associated with a 3% higher probability of having pain. Moreover,
this evidence is found in relation to the duration of sports practice, regardless of age;
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therefore, it also concerns younger athletes, such as those belonging to our sample [19]. The
longer is the time dedicated to the sports practice, the greater is the biomechanical over-
load on the musculoskeletal system. Many studies stated the correlation between sports
overuse and MP [22,23]. In gymnastics, if subjected to excessive stress, such as excessive
load, inadequate preparation, and insufficient rest-recovery phase, the musculoskeletal
system can undergo various types of overuse injuries and pain that can affect different
musculoskeletal anatomical districts [22]. This is mainly detected in artistic and rhythmic
gymnastics athletes. These activities particularly overload certain joints, less interested in
most other sports, such as wrists, whose pain incidence increases as participation and level
of competition increase [2,24-26]. Hence, the definition of “gymnast’s wrist” [27]. DiFiori
et al. suggest that a threshold of training intensity may be important in the development of
wrist pain: they found that gymnasts with wrist pain trained more hours per week and
trained at a higher skill level [5].

As the duration of sports practice increases, MP increases in another district of the
upper limb as well, such as the right shoulder (probably more affected due to the preva-
lence of right-handed gymnasts), and in three districts of the lower limb, which are left
hip, right thigh, and right knee. These findings are confirmed in the updated scientific
literature [19,27,28].

Our statistical analysis points out that hours spent in a sitting position seem to be
correlated with the incidence of pain (OR = 1.91, 95% CI = 1.01-3.59, p = 0.045) as well.
These are the most important data relating to lifestyles that seem to affect the appearance
of pain net of the causes directly attributable to sporting activity. Prolonged sitting is
typical among the habits of contemporary society [29]. Referring to our specific sample,
made up predominantly of young adolescents, the circumstances related to prolonged
sitting are likely the hours spent at school or studying, the time spent at home, for example
watching TV, or using a computer and a mobile phone. Often, the sitting position is
incorrect, and this could have important implications for the onset of MP; in fact, pain due
to prolonged incorrect postures is quite frequent in many districts of the musculoskeletal
system, such as the cervical spine, with referred pain to the head, upper limbs [29], and
lumbar spine [29-31], so education in appropriate sitting postures should be promoted
from a young age [29]. It is desirable that future epidemiological studies on larger samples
can investigate to what extent this lifestyle factor influences the onset of musculoskeletal
pain in those who practice gymnastics in a professional manner, and especially if—and to
what extent—sports practice can mutually influence this lifestyle factor.

Wrist pain has a statistically significant association with the age of the athletes
(right wrist pain: OR = 1,23, 95% CI = 1.01-1.50, p = 0.038; left wrist pain: OR = 1.46;
95% CI =1.13-1.90, p = 0.004). The same evidence was also found for right shoulder pain:
gymnasts more prone to musculoskeletal pain in this anatomical region are the older ones
(OR =1.30; 95% CI = 1.02-1.66, p = 0.035). Another interesting statistical association is that
between right wrist pain and BMI (OR = 1.72, 95% CI = 1.24-2.39, p = 0.001); at the same
time, hip pain is associated with BMI (OR = 1.47, 95% CI = 1.04-2.07, p = 0.030). Gymnastics,
unlike many other sports, requires athletes to use their upper extremities to bear large
loads, exposing musculoskeletal system to repetitive biomechanical stresses, where it is not
usually expected. The lower extremity is also subjected to considerable physical loading,
through repetitive impacts on the ground resulting from vault takeoffs and dismounts
from different heights, and during tumbling activities [19]. Our evidence is supported by
Chawla et al., who noticed that wrist pain and injury are more common among athletes
who are older, taller and with a larger BMI [24]. As the age increases, there occurs an
increase in difficulty of the skills practiced, as well as an increase in hours and intensity of
gymnastics training. This often contributes to the overuse of certain anatomical structures,
causing long-term effects. In addition, as the age increases, usually the body weight of
young athletes increases too, due to the physiological individual growth, resulting in higher
loads on joints, already stressed by overuse [3,27,31,32]. Lastly, older gymnasts are more
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susceptible to MP or injury than younger ones, because of a prolonged time of exposure to
risk [33].

The findings of this research also suggest the need for gymnastics to rethink train-
ing programs [34,35], making them more suitable in terms of athletic loads so as to pre-
vent the development of musculoskeletal pain syndromes, in particular those of chronic
nature [36,37]. To achieve this, it is desirable to integrate traditional training programs with
new technologies, which are increasingly widespread in kinesiology and sports rehabilita-
tion, with therapeutic and preventive purposes [38—45]. These are already used in other
areas of rehabilitation, such as neurological rehabilitation [46], in which the new frontiers
of telemedicine even provide the possibility of using serious games based on virtual reality
for rehabilitative purposes and in order to follow and treat patients remotely [47].

It would be desirable to periodically schedule health screenings and physical exami-
nations for professional gymnasts, both at the beginning of their career and at high levels
of competition, with the aim of creating special and tailor-made training programs. These
screening measures assume a certain importance in a context where the involvement of
athletes at an early age is observed, so it is necessary to identify any individual risk to
develop MP or injury as soon as possible [8]. Moreover, physicians and therapists who
treat gymnasts’ MP need to be adequately educated about the biomechanical requirements
of this sports activity, where overuse pain and injuries involve specific anatomical districts.
Benjamin et al. suggest some strategies aimed at the prevention and treatment of wrist pain,
according to which physical therapy should include core stabilization exercises, mobility,
and stabilization exercises of shoulder and elbow, in order to better redistribute loads
during activities involving the upper limbs [2]. In addition, gymnastics coaches should
be strongly competent in proper training volume and adequate rest, which are critical to
pain and symptom management and recovery. A medical evaluation is advisable at the
first manifestation of painful symptoms, which should be considered a warning and there-
fore promptly investigated for an early detection of developing stress injuries [10,24,27].
Coaches are required to supervise and protect athletes” practice from early on, and in a
gradual progression of technique to more complex executions [27,48,49].

These precautions, combined with greater care of one’s lifestyle, could certainly allow
to maintain high levels of sports performance by limiting the risk of developing painful
disorders affecting the musculoskeletal system. This way, the general quality of life of
gymnasts could also improve, since even the normal activities of daily life would be
free from limitations that are due to algo-dysfunctional syndromes. A set of prevention
strategies should minimize the risk of MP and injuries due to the competitive nature of the
sport, characterized by the ever-increasing physical demands [33,50].

Limitations

The main limitation of this study is the retrospective and self-reporting nature of
the survey questions. The data were therefore provided without any clinical monitoring,
and, sometimes, this may have led to an inaccurate definition of the MP by participants.
Moreover, the sample is small, even if it refers to a sport whose diffusion is limited
compared to other sports.

On the contrary, we consider a strength of this study to be the fact that, to our
knowledge, it was the first research to delve into the possible association between MP in
all the possible exposed anatomical districts and gymnastics at a professional level.

5. Conclusions

Gymnastics is one of the most popular competitive sports in the world, but it also
exposes athletes to develop MP and injuries. As observed in this research, many anatomical
districts are subjected to MP due to sports overuse, and this is particularly evident for
wrists, lumbar spine, and lower limbs.

The more gymnasts practice this sport, especially in terms of long sports practice,
the more likely they are to develop pain in many musculoskeletal districts. Increased
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age and BMI seem to be potential risk factors for arising MP as well. Finally, it is impor-
tant to understand how, and if, lifestyle habits could affect the MP prevalence among
professional gymnasts.

It is desirable that further research delves into gymnastics-related MP and designs new
training strategies to prevent it, in order to limit the risk of abandonment and to improve
the diffusion of these sports activities, which traditionally allow to develop psychophysical
benefits when practiced from a very young age.
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Abstract: This study aimed to verify whether a group of young well-trained basketball players
presented deficiencies in vitamin D concentration, and to analyze whether there was an association
between vitamin D concentration and jumping and hopping performance. Gender differences
were considered. Twenty-seven players from an international high-level basketball club (14 female,
16.00 % 0.55 years; 13 male, 15.54 & 0.52 years) participated in this cross-sectional study. Rate of
force development was evaluated by means of the Abalakov test (bilateral: AbB; right leg: AbR;
left leg: AbL); and the triple hop test (right leg: THR; left leg: THL). Blood samples were collected
for the determination of serum 25-hydroxyvitamin D and nutritional status. Vitamin D insufficiency
was found in both women (29.14 & 6.08 ng/mL) and men (28.92 + 6.40 ng/mL), with no gender
differences regarding nutritional scores. Jumping and hopping performance was confirmed to be
significantly larger in males (AbL, THR, and THL p < 0.005), whose CV% were always smaller.
A positive correlation was found between AbB and vitamin D (r = 0.703) in males, whereas this
correlation was negative (—0.611) for females, who also presented a negative correlation (r = —0.666)
between THR and vitamin D. A prevalence of hypovitaminosis D was confirmed in young elite
athletes training indoors. Nutritional (i.e., calciferol) controls should be conducted throughout the
season. Furthermore, whilst performance seems to be affected by low levels of this vitamin in
men, these deficiencies appear to have a different association with jumping and hopping in women,
pointing to different performance mechanisms. Further studies accounting for differences in training
and other factors might delve into these gender differences.

Keywords: vitamin D; explosive strength; performance; nutrition; training

1. Introduction

Nutrition plays an important role in the health and performance of athletes. In partic-
ular, vitamins are essential in various processes, including hemoglobin synthesis, main-
tenance of bone health, immune function, protection against oxidative damage, neu-
ronal functions, and the synthesis and repair of muscle tissue during recovery from in-
jury [1,2]. Over the last decade, the monitoring of vitamin D, or calciferol, a fat-soluble
vitamin with the structure of a steroid hormone that is functionally different from all others,
has been of particular interest [3]. We refer to vitamin D3, a vital isomer synthesized in
the cell membrane of the epidermis and dermis as a response to solar radiation, as its
other common form, D2, is derived from plants and is impossible for the human body to
synthesize [4,5].

Vitamin D3 regulates the expression of more than 900 gene variants, which in turn
significantly [6] impacts numerous functions related to sporting performance. Among other
things, it is involved in the regulation of exercise-induced inflammation, neurological func-
tion, cardiovascular health, glucose metabolism, bone health, and skeletal muscle perfor-
mance [7]. More specifically, it is attributed with an ergogenic effect on neuromuscular
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efficiency and the muscle-contraction mechanism [8,9], as well as optimizing acute adap-
tive response to physical exercise [10], so that performance in athletes may be affected by
deficient levels of this vitamin [11,12].

However, recent research suggests that high-performance athletes are at constant risk
of vitamin D deficiency, increasing the risk of stress fractures, acute illness, and sub-optimal
muscle function [3]. In addition to a possible nutritional deficit due to insufficient calorie
intake in athletes with high energy needs [13], or poor diet [14], vitamin D deficiency has
been linked to a lack of or drastic reduction in vitamin D production in the winter months
due to a lower incidence of sun on the skin [15]. For example, Bescos and Rodriguez [16]
found that more than half of one professional basketball team had hypovitaminosis D
after the winter. More recently, Fishman et al. [17] found a high prevalence of vitamin D
insufficiency in National Basketball Association (NBA) players.

Therefore, it seems that vitamin D deficiency is accentuated in athletes who train
and compete indoors throughout the year, as is the case of basketball. Taking also into
account the relationship between vitamin D and the aforementioned optimization of muscle
contraction [8,9] and/or prevention of bone health issues [7], it seems that this deficiency
is particularly important in a sport that involves continuous accelerations and braking,
jumps and receptions [18]. The rate of force development in the lower extremity is of the
utmost importance [19,20], and the risk of musculoskeletal injuries is high [21]. Moreover,
jumping, which may be affected by calciferol deficit, is one of the most common actions
performed in this sport [22,23], with between 40 and 60 jumps being made per athlete
during a single game [24]. Jumping is also one of the most common ways of assessing
player performance [25], condition-maturity level [26,27], level of functional health over
the course of the season [28,29], and sporting life success [30,31].

Knowing whether basketball players are calciferol deficient from their early formative
stages, and the possible relationship between their vitamin concentrations and muscle
function as assessed by jumping, is therefore of interest to the medical and technical staff
who care for these athletes. Although there is no evidence to suggest gender differences in
vitamin D intake [32] and / or deficit [33,34], differences between male and female basketball
players tend to be significant in jumping ability [35], so it is equally important to analyze
these associations while taking gender into account. The aims of this study are, therefore,
to test whether a group of young high-performance basketball players are vitamin D
deficient (1); and to analyze whether there is any relationship between vitamin D levels
and muscle strength performance as measured by two types of jumps (2), taking into
account gender differences. To our knowledge, no studies have previously investigated
this potential relationship.

2. Materials and Methods
2.1. Participants

This quantitative, descriptive, and correlational study involved 27 young basketball
players belonging to a top-level competitive club in the ACB (Asociacion de Clubes de
Baloncesto) league, of whom 14 were girls (16.00 £ 0.55 years, all of them had attained
menarche), and 13 were boys (15.54 & 0.52 years). Before data collection began, both the
subjects and their legal guardians were informed of the purpose of the study. Each par-
ticipant signed an informed consent form, agreeing to participate in the study, which had
been approved by the ethics committee of the local university (H1553774899546).

2.2. Protocol

The data collection was carried out during the regular season in the month of Decem-
ber, and on three alternate days of the same week. The week prior to the first assessment,
the participants were informed that they should consume no stimulant drinks (caffeine or
energy drinks); they could not eat two hours prior to the tests; and they should maintain
their normal nutritional habits. The first evaluation session involved blood tests. In the sec-
ond session, the anthropometric measurements of the players were taken and the Abalakov
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vertical jump test was performed first bilaterally (both legs at a time), and then unilaterally
(one leg at a time). In the final evaluation session, data on the triple hop test were collected.
Prior to the jumping tests, a standardized 10-min warm-up was performed on both days,
consisting of jogging, dynamic stretching, lower and upper limb strength exercises, plyo-
metric exercises, and high-intensity running with changes of direction. No familiarization
phase was carried out for the evaluation tests, as all of the athletes had already taken these
at some point during the season.

2.3. Assessment Tools
2.3.1. Blood Test

The method for determining the body’s vitamin D status consisted of measuring
the serum 25-hydroxyvitamin D concentrations [36]. For many years, there has been
a consensus that blood concentrations of this metabolite reflect total body vitamin D,
including endogenous synthesis by exposure to sunlight, dietary intake in supplemented
or unsupplemented meals, and drug treatments [37]. The blood samples were taken by a
medical professional from a hospital in the same city. The players were summoned to the
medical center, along with their fathers, mothers, or legal guardians, with an overnight fast
required before attending.

For the blood tests, 5 mL of venous blood were extracted from the antecubital vein
of each participant. Once obtained, the blood samples were allowed to clot and then
centrifuged at 3000 rpm for 10 min at room temperature to isolate the serum. The serum
was aliquoted into an Eppendorf tube and conserved at —80 °C until biochemical analysis.
Serum vitamin D concentrations were determined using the LIAISON 25(OH) Vitamin D
TOTAL Assay (CLIA) (Eurofins Megalab S.A., Valencia, Spain), which is a direct competitive
chemiluminescence immunoassay for human serum intended for use on the DiaSorin
LIAISON automated analyzer (DiaSorin S.P.A., Saluggia, Italy). Once the laboratory tests
had been performed, the reports containing the analytical data were submitted to the
researchers for further analysis.

2.3.2. Anthropometric Measurements

Mass (kg) and height (cm) measurements were recorded using a scale (SECA 769,
CE 0123, Hamburg, Germany) and a stadiometer (SECA 220, CE 0123, Hamburg, Ger-
many). The body mass index (BMI) of the participants was calculated using the formula
mass/ height2 (kg/ cm?).

2.3.3. Abalakov Test

In order to evaluate the rate of force development of the lower extremity, the Abalakov
test [38] was performed both bilaterally (Ab) and unilaterally (Abalakov right or AbR;
and Abalakov left or AbL), with the height of the jump being recorded. All players
performed three jumps in each modality, with a recovery period of two minutes between
the jumps [39], although only the best jump in each modality was included in the statistical
analysis. The jumps were recorded using a Din-A2 contact platform (420 x 594 mm) and
Chronojump software (Boscosystem®, Barcelona, Spain).

2.3.4. Triple Hop Test

To evaluate the power and neuromuscular control of a horizontal jump, the partic-
ipants took the triple hop test [40,41]. This test consists of three consecutive jumps on
one leg, with the distance reached after the last jump being recorded [40]. Each player
performed the test twice with each leg alternatively (triple hop left or THL; and triple
hop right or THR), and the best jump with each leg was used in the subsequent analysis.
A standard 12-metre tape measure was used to measure each jump.
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2.4. Statistical Analysis

The data were analyzed using the statistics package SPSS v23 for Windows (SPSS
Inc. Chicago, IL, USA). Once the normality of the sample had been analyzed (Shapiro—
Wilk test), the descriptive variables were then calculated and expressed as the mean and
standard deviation (mean £ SD). T-tests for independent samples or Mann Whitney U-tests
were performed to analyze whether there were sex-related differences between the main
study variables. T-tests for related samples and the Wilcoxon test were also performed to
compare whether there were sex-related asymmetries between the legs. To check whether
there was a relationship between vitamin D levels and performances in the jumping tests,
we performed a correlation analysis (Pearson’s R or Spearman’s Rho according to the
normality), both with and without controlling for the covariate BMI. Statistical significance
was set at p < 0.05, with the absolute correlation coefficients considered being: r < 0.1, trivial;
0.1-0.3, low; 0.3-0.5, moderate; 0.5-0.7, strong; 0.7-0.9, very strong; >0.9, almost perfect;
and 1, perfect [42].

3. Results

The final sample comprised 14 girls (16.00 & 0.55 years, 174.20 £ 6.35 cm, 67.98 + 6.73 kg)
and 13 boys (15.54 & 0.52 years, 190.73 £ 6.45 cm, 78.17 & 8.87 kg). No significant differences
were found between boys and girls in terms of age, but significant differences were found
for weight and height (p < 0.05), with higher values recorded in the boys. Table 1 presents the
results of the main blood composition parameters. No significant differences between boys
and girls were found for any of the items, and the coefficients of variation were generally high
in both cases.

Table 1. Blood composition variables.

Girls (N =14) Boys (N =13)
Parameters
Mean + SD CV (%) Mean + SD CV (%)

Vitamin D (ng/mL) 29.14 + 6.08 20.86 28.92 + 6.40 22.13 0.905
Folic acid (ng/mL) 6.53 £+ 3.38 51.76 7.24 £2.79 38.54 0.302
Cortisol (ug/dL) 15.37 + 3.41 22.19 15.04 + 1.86 12.37 0.616
Magnesium (mg/dL) 1.99 + 0.60 30.15 2.08 +0.11 5.29 0.088
Iron (ug/dL) 87.35 + 31.68 36.26 96.84 + 38.72 39.98 0.491
Vitamin B12 (pg/mL) 559.78 + 190.02 33.94 593.00 + 177.33 29.90 0.643
TSH (pUI/mL) 274 +1.34 48.90 243 4+ 0.87 35.80 0.491
Calcium (mg/dL) 9.59 +0.23 2.40 9.73 £ 0.21 2.16 0.105

CV: coefficient of variation in %; SD: standard deviation; TSH: serum thyroid stimulating hormone.

Table 2 shows the values obtained in the neuromuscular performance tests, with lower
coefficients of variation with respect to the analytical assessment, and even greater homo-
geneity among the boys. When analyzing the differences by sex, significant differences
(p < 0.01) were observed in the Abalakov test for the left leg. Significant differences were
also found in the triple hop test, both for the left leg (p < 0.001) and right leg (p < 0.001).
Finally, significant differences were found in boys (p < 0.010) between the results for the
right and left legs in the Abalakov test.

Table 3 shows the correlation analyses between vitamin D concentration and the
results of the neuromuscular performance tests. While in boys, a high positive correlation
was found between the Abalakov test (performed in a bipedal manner) and serum vitamin
D concentration, in girls this relationship was also high, but negative. When BMI was
considered as a covariate, the correlation coefficient increased slightly in boys, while it
decreased in girls. There was also a high negative correlation between the triple hop test
performed with the right leg and vitamin D in girls, which in this case increased slightly
when considering BMI.
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Table 2. Performance variables.

Girls (N =14) Boys (N =13)
Tests p
Mean + SD CV (%) Mean + SD CV (%)
ADbB (cm) 33.37 £ 4.83 14.47 35.71 £3.92 10.98 0.182
AbL (cm) 19.14 +4.32 22.57 24.14 + 224 2P 9.28 0.005
ADR (cm) 20.31 +3.42 16.84 21.29 +2.99 14.04 0.436
THL (cm) 5.10 + 0.70 13.72 6.10 + 0.37 6.07 <0.001
THR (cm) 5.23 + 0.69 13.19 6.13 + 0.61 9.95 0.001

CV: coefficient of variation in %; SD: standard deviation; AbB: Abalakov bilateral; AbL: Abalakov left; AbR:
Abalakov right; THL: triple hop left; THR: triple hop right. ?: Difference with the AbR of boys (p = 0.002);
b: Difference with the AbR of girls (p = 0.002).

Table 3. Correlations between jumping and hopping and vitamin D, considering both the whole sam-
ple, and male and female athletes separately, with and without the covariate body mass index (BMI).

Tests Girls Boys All Girls 2 Boys ? All?
(N=14) (N =13) (N =27) (N=14) (N =13) (N =27)

ADB (cm) —0.611* 0.703 ** 0.047 —0.597 * 0.796 ** 0.081
ADL (cm) —0.219 0.218 —0.036 —0.183 0.248 —0.025
ADR (cm) —0.465 —0.067 —0.227 —0.439 —0.040 —0.192
THL (cm) —0.415 0.050 —0.106 —0.413 0.162 —0.098
THR (cm) —0.666 ** 0.128 —0.216 —0.685 ** 0.210 —0.248

ADB: Abalakov bilateral; AbL: Abalakov left; AbR: Abalakov right; THL: triple hop left; THR: triple hop right;
* p <0.05; **: p <0.01; : BMI as a covariate.

4. Discussion

For the first objective of this study (to check whether young basketball players of a
formative age suffer from vitamin D deficiency), our results confirm that both girls and
boys show this deficiency at the age of 14-16, while the other components analyzed were
found to be within the normal range. As for whether this deficit could influence explosive
strength as assessed by jumping, the second objective of this study, the data reveals that at
these ages there is no association between these variables when considering the sample as
a whole. However, when taking sex into account, the data points to differences regarding
the correlations in young players of the two sexes, while at the same time the expected
differences are observed in the rate of force development in some of the jumps that are
determining factors for basketball performance (AbL, THR, and THL).

According to the levels previously established by some authors [43], young players of
both sexes already suffer vitamin D insufficiency (20-30 ng/mL), while they present normal
values for the other blood components [44-48]. Our results are, therefore, consistent with
other studies that have shown low concentrations of vitamin D in elite athletes [49,50],
with up to 56% of one sample of athletes being below the levels considered adequate [51].
In agreement with other studies [33,34] there were no differences between sexes in the
vitamin D deficiencies.

As previously noted, indoor sports involve a vitamin D deficiency rate almost twice
that of outdoor sports [52]. Seasonal variation in the levels of this vitamin has also been
observed [15,53]. This seasonal variation should be taken into account, as it has been
observed that athletes who are vitamin D deficient during the winter are at a higher risk of
having lower levels in the spring [54]. This latter period is one of the most important phases
of the season since the final rankings are decided and, moreover, there are more matches,
therefore leading to a greater risk of fatigue and injury [55]. Both indoor training and
seasonal variation are associated with low sun and ultraviolet (UVB) exposure, the main
source from which the body synthesizes this vitamin [56]. It seems important, therefore,
to monitor 25(OH)D concentrations throughout the basketball season in order to mitigate
any potential effects that this insufficiency may cause for the players, despite the fact that
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these are initial stages in which they are still training and competing quite below the level
of professional athletes [57,58].

Based on this, the second objective of this study was to find out whether lower vitamin
D concentrations could influence basketball performance (by assessing the rate of force
development of the players through two different types of jumps). Although we did not
find sex differences regarding vitamin D, all the analyses were also performed considering
the sex of the participants because individual differences in jumping ability in male and
female basketball players tend to be significant [35]. Our data reinforces the importance of
always considering these sex differences when analyzing performance, because although
there is no association between these variables when considering the entire sample in
general, the data does reveal different results for men and women.

On the one hand, there is a very strong positive correlation seen in the boys between
vitamin D and the bilateral Abalakov test, with a correlation coefficient that increases even
more when BMI is considered as a covariate. Some authors have argued that this vitamin
increases the size and number of type II muscle fibers [54,59], which could influence an
athlete’s jumping ability. However, this association is negative in the case of the girls,
and decreases when BMI is taken into account. These results differ from those obtained by
Ward et al. [60], who concluded that vitamin D was significantly associated with muscle
strength in adolescent girls, although the participants in that study were not athletes.

In this sense, it is important to emphasize that at this age, boys may be less mature
than their female peers [61]. Even close to full maturity, less vitamin D does not imply less
jumping ability in these young female players, but rather the opposite, suggesting that
there may be other mechanisms (for example, those related to good intermuscular coordi-
nation) that help these girls to jump more. Not surprisingly, the jumps where sex-related
differences were found (AbL, THL, and THR), presented the lowest coefficient of variation
in the boys, with these being clearly lower for the boys than their female counterparts for
these same jumps. Further studies involving larger sample sizes and a more heterogeneous
performance profile for girls should confirm whether, as it appears, only their male coun-
terparts are likely to rely more heavily on explosive force production rates, with vitamin D
concentration exerting a positive influence on this variable.

Considering the previous reasoning, the game and specific training would not have
highlighted differences between the right and left leg in girls when performing the Abal-
akov test in a unilateral manner, again contrary to that seen in boys (with a significantly
better AbL than AbR, and, indeed, higher AbR and AbL than those of the more mature
girls in this study). As pointed out by Jones and Bampouras [62], the dominant leg of male
athletes tends to present higher strength values than the non-dominant leg, which could
explain the difference recorded for our male athletes. The reason behind why we found no
association between vitamin D and the unilateral tests in men could be related to a lack of
stability during these movements due to coordination problems [63]; to perform well in
unilateral tests, an individual must have adequate balance, coordination, muscle strength,
and neuromuscular control [64], and not just rate of force development. This would account
for why we only found the correlation in the bilateral test, where it is easier to coordinate
movements and thereby apply a greater amount of force.

The fact that the girls did not show significant asymmetries between legs suggests
that women do not tend to have a more dominant leg [65]. This information, together with
the fact that the strength values (performance in cm) produced by the trainee players in
our study are already similar to those obtained by professional athletes [66], could indicate
that the potential for further improving this ability in women may be limited, and that
jumping and hopping ability may not be the most determining factor in terms of becoming
a professional player. This suggests that adequate levels of vitamin D are more important
for performance in men than in women, although we should not forget the significance
that this vitamin may also have for women in other aspects, such as injury prevention [67].

In the triple hop test, once again there were no differences in performance between
the sexes, and only the girls showed a negative correlation with vitamin D when the test
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was performed with the right leg, a result that was reinforced when BMI was also factored
in. New gender differences in the association between vitamin D and performance seem
to indicate a different use of strength in women and men in terms of the jumping actions
involved in basketball performance. Notably, the lack of control of the menstrual cycle
could have influenced our results. The majority of female subjects do not menstruate on
a regular basis [68], and this factor was not considered at the time of blood sampling;
however, despite the high coefficient of variation, our data did not show differences in iron
concentration between male and female participants.

This study has several limitations. Firstly, the cross-sectional design of this study does
not allow us to determine a direct cause and effect relationship. Comprehensive nutritional
monitoring would have improved our knowledge of the origin of the vitamin D deficiencies
found. Similarly, it is necessary to test whether vitamin D levels vary throughout the season
and whether this is associated with a change in jump values in different periods. New and
less invasive assessment systems based on tear biosensing or salivary samples [69,70] could
streamline the process to obtain biomarkers during the competitive season, and therefore
would allow relationships between strength and vitamin D to be analyzed from a more
holistic (and rapid) view. Multidisciplinary teams—included nutritionists—regardless of
the level of the sport club (elite and amateur), would facilitate the interpretation of these
assessments, periodizated and tailored on a regular basis, therefore promoting health and
young athletic success. Secondly, a larger sample size would allow more robust correlation
coefficients to be obtained, for which reason our results cannot be extrapolated to other
contexts and further studies are required. Finally, the differences found between men and
women suggest that future studies should analyze whether the menstrual cycle somehow
affects vitamin D, and thus sports performance in female basketball players, given their
high incidence of injuries [71]. Some studies have demonstrated relationships between low
levels of this vitamin and the frequency of menstrual disorders [72], confirming that this is
a variable to control in these stages of development.

5. Conclusions

Our results suggest that, despite their youth, trainee basketball players have insuffi-
cient vitamin D levels. Since this deficiency appears to be common in elite athletes, espe-
cially those competing indoors, various means of controlling vitamin D levels throughout
the season (diet, supplementation, and sun exposure) should be considered. Furthermore,
these deficiencies appear to be differentially associated with jumping performance in men
and women. Thus, while performance in men does seem to be compromised by low levels
of this vitamin, it would be interesting to further investigate the different role it might play
in women, as vitamin D deficiency is not only related to rate of force development.
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Abstract: The main objective of this research was to find associations between the outcome of
a simulated CrossFit® competition, anthropometric measures, and standardized fitness tests. Ten
experienced male CrossFit® athletes (age 28.8 + 3.5 years; height 175 + 10.0 cm; weight 80.3 + 12.5 kg)
participated in a simulated CrossFit® competition with three benchmark workouts (“Fran”, “Isabel”,
and “Kelly”) and underwent fitness tests. Participants were tested for anthropometric measures, sit
and reach, squat jump (S]), countermovement jump (CM]J), and Reactive Strength Index (RSI), and the
load (LOAD) corresponding to the highest mean power value (POWER) in the snatch, bench press,
and back squat exercises was determined using incremental tests. A bivariate correlation test and
k-means cluster analysis to group individuals as either high-performance (HI) or low performance
(LO) via Principal Component Analysis (PCA) were carried out. Pearson’s correlation coefficient
two-tailed test showed that the only variable correlated with the final score was the snatch LOAD
(p < 0.05). Six performance variables (S], CM], RSI, snatch LOAD, bench press LOAD, and back
squat LOAD) explained 74.72% of the variance in a k = 2 means cluster model. When CrossFit®
performance groups HI and LO were compared to each other, t-test revealed no difference at a
p < 0.05 level. Snatch maximum power LOAD and the combination of six physical fitness tests
partially explained the outcome of a simulated CrossFit competition. Coaches and practitioners can
use these findings to achieve a better fit of the practices and workouts designed for their athletes.

Keywords: performance; athlete; high-intensity functional training; cross-training; functional fitness

1. Introduction

CrossFit® is a training method property of CrossFit® Inc. (Washington, DC, USA),
a company established in 2000 by Greg Glassman and Laura Jenai. This form of physical
exercise incorporates elements from other disciplines, such as weightlifting, powerlifting,
gymnastics, calisthenics, and strength athletics, while following high-intensity exercise
principles and using constant variability as one of its core elements. According to data
from the company, the number of official CrossFit® affiliated gyms in the world is close to
15,000 [1], a figure that shows the worldwide interest in this exercise regime. Apart from
the CrossFit® activity aimed at the general population, CrossFit® Inc. has developed a
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competitive trend that also enjoys considerable international popularity. In 2019, 144,276
people completed all the workouts of the day (WODs) of the CrossFit Open® as prescribed
or “RX” [2] (meaning that the athletes used the prescriptive weight or height, completed
the prescribed number of repetitions, and followed the full standards for each movement).
Alongside 15 sanctioned events, the CrossFit Open® is the only way to qualify for the
CrossFit Games®, where the elite of this sport has convened every year since 2007.

Adult CrossFit® participation seems to entail similar physical demands (in terms
of VO, max, muscle size, strength and endurance gains) to other high-intensity physi-
cal activities [3]. Several cohort studies have reported improvements in VO, max [4,5],
body composition [6,7], and specific work capacity [8] in men and women in interventions
ranging from 6 to 10 weeks. Thus, CrossFit® WODs are a demanding form of exercise,
and physiologically, both aerobic and anaerobic metabolisms influence the athlete’s perfor-
mance [9].

General strength improvements associated with CrossFit® participation are also de-
scribed in the literature with conflicting results. Significant increases in several muscular
strength and endurance tests after participation in CrossFit® workouts have been reported
in some studies [5], while in some others, no significant differences were noted post-
intervention [8].

However, all the studies mentioned above have two critical limitations highlighted in
systematic reviews: a reduced number of scientific studies because the discipline is still
incipient, and a lack of a high level of evidence at low risk of bias [10].

To date, several studies have highlighted that the physical stress caused by CrossFit®
WODs is comparable to a 20 min high-intensity treadmill run at 90% of maximal heart
rate [11] and superior to an ACSM-based training session in terms of fatigue, muscle sore-
ness, and muscle swelling [12]. Rating of perceived exertion (RPE) seems consistently high
after CrossFit® routines [12,13], and increased lactate [13-15] and pro/anti-inflammatory
cytokine production [14] is also present in several scientific reports assessing these activities.

Although CrossFit® athletic competitions generate significant revenues, not many
previous studies have dealt with competitive performance factors. Numerous scientific
contributions have investigated the epidemiology of CrossFit® [3,16-18], with several
cases of spinal injuries [19] and rhabdomyolysis [20] reported, but not many pieces of
research have provided insight about the relevant elements of fitness to succeed in compe-
titions. For instance, a study comparing the outcomes in three benchmark WODs—"Grace”
(30 clean and jerks for time), “Fran” (three rounds of thrusters and pull-ups for 21, 15,
and 9 repetitions), and “Cindy” (20 min of rounds of 5 pull-ups, 10 push-ups, and 15
bodyweight squats)—found that whole-body strength and anaerobic threshold exhibited
association with specific CrossFit® performance [21]. In a similar analysis with 32 healthy
adult males, age, group (experienced vs. inexperienced), VO, max, and anaerobic power
were predictors of a 12 min as many repetitions as possible WOD with 12 throws of a
9.07 kg medicine ball at a 3.05 m target, 12 swings of a 16.38 kg kettlebell, and 12 burpee
pull-ups [22]. In the same article, only CrossFit® experience was a significant predictor in
a WOD with sumo deadlift high pull, a 0.5 m box jump, and a 40 m farmer’s walk with
40 kg following a three-round with 21, 15, and 9 repetitions per exercise structure. Recent
research has also found that absolute VO, peak values and CrossFit® Total (one repetition
maximum tests for the back squat, deadlift, and overhead press) were predictors of the 19.1
CrossFit Open® workout and the benchmark “Fran” performances, respectively [23]. Body
composition was revealed as the most significant success predictor in the 2018 CrossFit
Open® [24].

Despite an increased number of scientific studies due to the growth in popularity of
CrossFit®, there is still an important space for further research about CrossFit® athletic
competitions. The main objective of this cross-sectional study was to find associations
between the outcome of a simulated CrossFit® competition, anthropometric measures,
and standardized fitness tests, providing insight to coaches and athletes to achieve better
competitive performance.
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2. Materials and Methods
2.1. Participants

A purposive sample of ten experienced male CrossFit® athletes (age 28.8 & 3.5 years;
height 175 4+ 10.0 cm; weight 80.3 £ 12.5 kg; one-hand reach 223 £ 15 cm) without
relevant injuries at the moment of the study and recruited from official CrossFit® affiliates
volunteered to participate in the study. The inclusion criteria were set based on weekly
training volume (>5 sessions/week), competitive CrossFit® background (>2 years), regular
participation in regional (n = 1), national (1 = 5), or international (1 = 4) competitions, and
their ability to perform the RX versions of the workouts (respecting the metabolic purpose
of the WOD and being able to lift the weights without fatal technical flaws in the presence
of fatigue). Before starting the study, we informed the participants about the experimental
procedures and they signed informed consent and provided additional data by filling out a
modified Physical Activity Readiness Questionnaire (PAR-Q) [25]. Procedures followed the
Declaration of Helsinki and its later amendments [26] and were approved by the Research
Ethics Committee of the University of Vic - Central University of Catalonia in Barcelona,
Spain (ref. no. 46/2018).

2.2. Experimental Procedures

Testing was conducted over two separate sessions. In the first session, before starting
a simulated CrossFit® competition, we tested the participants for anthropometric measures
and a sit-and-reach flexibility test. Weight was assessed on an electronic scale (PS160,
Beurer, Germany) with an accuracy of £0.1 kg. Height was measured using a roll-up
measuring tape with wall attachment (206, Seca®, Hamburg, Germany) with an accuracy
of £0.01 m. One-hand reach was assessed using a measuring tape (TM-CO2, Tacklife,
New York, NY, USA). Body fat percentages were calculated using the equation of Jackson
and Pollock [27] measuring the skinfold thickness at three sites (chest, abdomen, and
thigh) using a caliper (Holtain Ltd. Tanner/Whitehouse Skinfold Caliper, Holtain, Dyfed,
UK). One experienced anthropometrist carried out all the tests following the protocols
established by the International Society for the Advancement of Kinanthropometry (ISAK).
The sit-and-reach test was performed twice using a sit-and-reach box (Sit and Reach testing
box, Eveque, Northwich, UK) and considering the best score as the final result in the test.
Later, all of the participants completed three benchmark WODs in random order with
a 30 min rest in between them, simulating a CrossFit® Competition. The three selected
WODs were “Fran”, “Isabel”, and “Kelly”, and they were performed in that same order
(Table 1). These WODs were selected because they are popular benchmark WODs in the
CrossFit® community and because they incorporate very diverse skills and fitness elements
(Olympic lifting movements, calisthenics, pure conditioning movements, and exercises
with high VO, max demands).

Table 1. Workouts performed in the simulated CrossFit® competition.

WOD 1 “FRAN" WOD 2 “ISABEL” WOD 3 “KELLY”

Five rounds as fast as possible
of 400 m run, 30 box jumps
(0.5 meters), and 30 wall balls
(9.07 kg medicine ball at a
3.05 m target).

21-15-9 Repetitions of
thrusters (42.5 kg) and
pull-ups as fast as possible.

30 Repetitions of snatch (60
kg) as fast as possible.

Every participant was assigned a certified CrossFit® judge to control their performance,
and the WODs were completed in two series or “heats”. Participants for the two heats in
the first WOD were selected at random, while for the second and third WODs, the athletes
with better accumulated scores were assigned to the second heat reproducing the usual
CrossFit® competition procedures. During the second session, a week later, we carried out
the rest of the measurements (Table 2). Squat jump (SJ), countermovement jump (CM]J),
and a 0.7 m drop jump (DJ]) were measured using a contact mat (Ergojump-Plus, Ergotest
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Innovation, Norway) consisting of a switch mat connected to a digital timer (with an
accuracy of +0.001 s). Contact time and resulting height in the D] were used to calculate
Reactive Strength Index (RSI) by using the formula: RSI = Jump Height (cm)/Ground
Contact Time (ms). All of the jumps were performed three times, and the best score was
the final result in the tests. The loads (LOAD) corresponding to the highest mean power
value (POWER) in the snatch, bench press, and back squat exercises were determined
using incremental tests [28,29] and were measured with a linear encoder (MuscleLabTM,
Ergotest Innovation, Stathelle, Norway) attached to the barbell. To assess the ability of
the athletes to perform intermittent efforts, a Yo-Yo intermittent recovery test 2 (IR-2) was
administered, and the distance covered was used to calculate VO, max (mL/min/kg)
using the formula: IR-2 distance (m) x 0.0136 + 45.3 [30]. All the mentioned tests were
chosen because they show ecological and construct validity, the movements used are very
similar to those of CrossFit®, and the tests enabling calculations have been validated by
previous scientific literature.

Table 2. Protocols followed in the incremental tests.

SNATCH BENCH PRESS BACK SQUAT

Concentric execution of the Concentric execution of the
First load was set at the 65% of  exercise with 4 different loads exercise with 4 different loads
the one-repetition maximum ranging between 30 and 80% ranging between 30 and 80%

(IRM) in the movement with of the one-repetition of the one-repetition
5% increments until failure. maximum (1RM) in the maximum (1RM) in the
movement. movement.

Participants performed 2 Participants performed 2 Participants performed 2

repetitions at any given load repetitions at any given load repetitions at any given load
with 10 s of rest between with 10 s of rest between with 10 s of rest between
attempts and a 3 min rest attempts and a 3 min rest attempts and a 3 min rest

between loads. between loads. between loads.

2.3. Statistical Analysis

Using a statistical package (SPSS 21 for macOS, SPSS Inc, Chicago, IL, USA), a Shapiro—
Wilk test was used to determine if the sample data was normally distributed prior to
conducting a bivariate correlation test between the final competition score—assigning
10 points to the best-ranked competitor in each WOD, 9 to the next one, and consecutively
so until the last competitor—and the different physical condition tests conducted in the
study. Significance level was established at p < 0.05 («x = 5%) with a 95% confidence interval.
In the second term, R, a language and environment for statistical computing (R 3.5.1 GUI
1.70 for macOS, R Foundation for Statistical Computing, Vienna, Austria), was used to
normalize physical tests, centering them at 0 to avoid between-variable scale differences,
carrying out a k-means cluster (k = 2) analysis considering the outcome of the physical
tests to group individuals as either high (HI) or low (LO) performance. Later, a t-test was
used to compare composite WOD scores between HI and LO groups. Finally, a Principal
Component Analysis (PCA) was carried out to determine the influence of each physical
test on the simulated CrossFit® competition final composite score.

3. Results

The Shapiro-Wilk test showed that the variables included in the analysis were nor-
mally distributed (p > 0.05). A bivariate Pearson’s correlation coefficient two-tailed test of
significance showed that the only variable showing a very large correlation [31] with the
final score of the competition was the snatch LOAD (p < 0.05); none of the other variables
showed association with the competition outcome (Table 3). Although weekly volume of
training was not significantly correlated with the final competition score (p = 0.142), the
r-value showed a promising correlation (0.50) with this factor.
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Table 3. Correlation coefficients, interpretation, and significance levels in the variables included in

the study.
Variables c andC;);::i;t::; tion) Significance (p-Value)

Age (y) —0.36, moderate 0.300

Weight (kg) 0.12, small 0.736

Height (cm) 0.25, small 0.490

Reach (cm) 0.21, small 0.566

Hours of training per week (h) 0.50, large 0.142
Body fat % 0.06, trivial 0.874

Sit and reach (cm) 0.05, trivial 0.896
Squat jump] (cm) 0.27, small 0.452
Countermovement jump (cm) 0.31, medium 0.390
Reactive strength index 0.14, small 0.695
Snatch LOAD (kg) 0.74, very large 0.014 *
Snatch POWER (W) —0.13, small 0.721
Bench press LOAD (kg) 0.32, moderate 0.368
Bench press POWER (W) 0.34, moderate 0.337
Back squat LOAD (kg) 0.30, moderate 0.392
Back squat POWER (W) 0.2, trivial 0.548
Yo-Yo test IR-2 (m) 0.40, moderate 0.253

* Denotes significant correlation (p < 0.05).

A k-means model established two centroids that determined the two groups, HI (n = 6)
and LO (n = 4) (Figure 1). The unpaired ¢-test comparison revealed no differences between

HI and LO groups in WOD scores.

30
|

25
1

0

-

Score

15

10
1

I
LO (n=6)

Groups

=4)

Figure 1. Boxplot visualization of the k-means cluster analysis grouping individuals as either high-

performance (HI) or low performance (LO) and showing the minimum score, first quartile, median,

third quartile, and maximum score achieved in the simulated competition by every group.

PCA cluster explains 74.72% of the variance using six performance variables measured
in the study (SJ, CM]J, RSI, snatch LOAD, bench press LOAD, and back squat LOAD)
(Figure 2). When CrossFit® performance groups HI and LO were compared, the t-test

revealed no difference at p < 0.05 level.
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PCA

Cl

Figure 2. Principal Component Analysis with concentration and confidence ellipses around each group, including the six

performance measures. Each main component is obtained by linear combination of the original six variables, and every dot
inside the ellipses represents one individual in the HI (n = 6) and LO (n = 4) groups. These two components explain 74.72%
of the point variability.

The average values obtained in the tests included in the PCA are presented to describe
the performances obtained by the athletes who participated in our study (Table 4).

Table 4. Average values obtained in the tests included in the PCA.

Descriptive SJ (cm) CM] RSI Snatch Bench Press Squat
Statistics (cm) LOAD (kgg LOAD (kgy LOAD (kg)
Mean 33.1 38.1 0.114 59.6 53.8 65.7
Standard 8.7 7.2 0.033 9.7 14.8 21.6
deviation

4. Discussion

The purpose of this study was to determine if a battery of standardized physical
fitness tests can predict the outcome of a simulated CrossFit® competition. Competitive
CrossFit® is a complex discipline, where many different skills and elements of physical fit-
ness (endurance, stamina, strength, flexibility, power, speed, coordination, agility, balance,
and accuracy) come into play to achieve success. Due to this complexity, the CrossFit® com-
munity has always accepted that the best way to assess performance (and therefore fitness
levels) is to perform CrossFit® benchmark WODs and participate in CrossFit® competitions.
This approach has significant limitations; specific CrossFit® workouts test more than one
capacity, making it difficult to attribute the progress in a workout to all of them equally.
If we improve our time or repetitions in one particular CrossFit® benchmark WOD, it is
unfeasible to know if strength, skill, or conditioning was the main explanatory factor of this
enhancement in performance. Additionally, CrossFit® competitive performance requires
psychological and physiological settings. Thus, understanding the attributes related with
CrossFit® performance can be relevant for two main reasons: it can be helpful to predict
individual competitive outcomes and to work on the athletes” weaknesses, improving
their performances.

Previous research has suggested a relationship between a combination of power mea-
surements [22], whole-body strength [21], and power in the full-squat test [32], and CrossFit®
performance. However, this approach has limitations. On the one hand, it is undeniable
that benchmarks and competitions are specific; they reproduce the “unknown and unknow-
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able” axiom of the sport. Nevertheless, using them to test fitness can be time-consuming,
and for some recreational athletes, the RX standards can be unachievable. In some WODs,
this changes the “testing” conditions dramatically, because it is evident that it is not the
same to perform the benchmark “Fran” with a 30 kg barbell and jumping pull-ups or
to use the prescribed weight and movements in the RX version. Standardized tests are
valid, reliable, accurate, and sensitive to detect changes in fitness, being useful in different
populations and age groups. Their main disadvantage is the need for equipment that can
be expensive and, in some cases, requires training to be used. However, their application is
fast, and they equalize the execution conditions for everyone.

The data reported in the present study partially support the initial hypothesis. Only the
result of one incremental test, the snatch, showed a strong (but not perfect) correlation
with the outcome of the competition, and this was more than likely conditioned by the
fact that one of the benchmark WODs in the event (“Isabel”) depended exclusively on the
ability to perform this movement repeatedly with a high requirement of power. Despite
this, the battery used in our study could discriminate between high (HI) and (low) LO
performance athletes in the sample, explaining 74.72% of the variance with six performance
variables measured. This result is consistent with that of other researchers arguing that
CrossFit® experience and training level is a critical component of performance in CrossFit®
workouts [22]. Weekly volume of training was not significantly correlated with the final
competition score in our data, but a large correlation value (0.50) indicates that this factor
can be considered as relevant in future research.

The lack of association between the individual outcome of the different fitness tests
proposed and the simulated competition can be solved using a battery of tests. In one of
the few investigations that we know regarding this matter, it was found that it is unfeasible
to pretend that a single test of any nature can predict the result of a benchmark WOD in
CrossFit® [21].

Although the benchmark WODs in this study were selected because they present
very different physical condition elements (aerobic and anaerobic demands, weightlifting,
gymnastics, and conditioning movements), the variables that could explain the variance
were all of a similar nature; the only test assessing VO, max in our design showed no
predictive power. “Fran” and “Isabel” are WODs that elite and sub-elite athletes can finish
in less than five minutes, and “Kelly” lasts no longer than 20 min in these populations.
This data agrees with previous research, where VO, max did not predict CrossFit® perfor-
mance [21]. However, VO, max has explained 68% of the variance in the outcome of the
workout “Nancy” [33], with five rounds of 400 m run. In our case, the chosen workouts
had an anaerobic predominance, and the rest periods between WODs were enough to
emphasize the importance of muscular power in the competitive outcome, showing an
enhanced specific work capacity in the athletes [8]. In this direction, a test using four con-
secutive Wingate anaerobic tests has predicted CrossFit® specific performance in previous
investigations [34].

We did not find any relationship between anthropometric measures and CrossFit®
specific performance. This may be attributed to the participants’ characteristics as expert
athletes with suitable body composition (body fat 8.2 &= 2.83%) for their competitive de-
velopment. The intrinsic characteristics of advanced CrossFit® athletes and the purposive
sampling used in this research piece may have been a limiting factor in finding an associa-
tion between body composition and competition outcome. All the athletes in our sample
clearly showed a physical condition above the average among CrossFit® enthusiasts.

Flexibility levels were also shown not to be correlated with CrossFit® performance in
our study. To the best of our knowledge, no previous research has included flexibility as a
possible predictor of CrossFit® performance.

The present results should be interpreted with caution. The competition level of
the athletes volunteering in our study (sub-elite) and the sample size are limitations to
use our results to make inferences about other populations like elite athletes (CrossFit
Games® caliber) or inexperienced CrossFit® recreational athletes. The selection of tests and
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benchmark WODs could also be a limitation. We should also understand that although all
participants were instructed to perform all the WODs at the maximum intensity, the context
(a simulated competition) could be less motivating than real competition settings.

Future work on the current topic is therefore recommended to apply these findings
to different cohorts, using other benchmark WODs or workouts from a real competitive
event. Incorporating different standardized tests that can lead to more robust results, and a
higher percentage of the variance of the outcome explained by the selected performance
factors, could also be desirable.

This study set out to know in greater depth what the critical elements of physical
fitness are that allow one to achieve a good result in a simulated CrossFit® competition.
The load at which the maximum snatch power was achieved and the combination of six
physical fitness tests (SJ, CM], RSI, snatch LOAD, bench press LOAD, and back squat
LOAD) partially explained the outcome of a simulated CrossFit® competition with the
benchmarks “Fran”, “Isabel”, and “Kelly”. Coaches and practitioners can use these findings
to improve their decision-making processes and to use these tests as an element that can
allow a better fit of the practices and workouts designed for their athletes.

5. Conclusions

Results coming from this article show that isolated physical condition tests can be
misleading to explain the outcome of a CrossFit® WOD. These individual tests can only
be useful in cases where the benchmark WODs performed in the CrossFit® context and
its results are strongly related to the execution of one particular movement. Batteries of
tests can help to discriminate athletes of different levels, showing that a better physical
condition expressed in the battery is partially associated with a better overall performance
in the specific CrossFit® activity. These batteries should implement tests that are valid,
reliable, accurate, and sensitive to detect changes in fitness, but at the same time show
some level of specificity with competitive CrossFit® requirements and CrossFit® athletes’
specific needs.

Author Contributions: Conceptualization, ].P., D.M.-D., L.P. and A.O.; methodology, ].P., D.M.-D., LP.
and A.O.; formal analysis, ].P., D.M.-D., B.B. and J.A.-C.; data curation, J.P., D.M.-D., B.B., .C.-M. and
J.A.-C.; investigation, ].P,, DM.-D., LP. and A.O.; writing—original draft preparation, ].P., D.M.-D.,
B.B. and I.C.-M.; writing—review and editing, ].P., D.M.-D., B.B. and 1.C.-M.; project administration,
J.P, LP. and A.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical approval was given by the Research Ethics Commit-
tee of the University of Vic-Central University of Catalonia in Barcelona, Spain (ref. no. 46/2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author.

Acknowledgments: The authors would like to give explicit thanks to the athletes and judges that
kindly volunteered in the study, as well as to the owners of the premises in which the study was
carried out. We also would like to thank Amy Gibson for her assistance in the preparation of
this article.

Conflicts of Interest: The authors declare no conflict of interest. CrossFit® is a registered trademark
of CrossFit, Inc. and any use of the term in this article is adopted merely as nominative in nature.
The authors are not endorsed or sponsored by CrossFit Inc. in any way.

1. CrossFit: About Affiliation. Available online: https://www.crossfit.com/affiliate (accessed on 19 March 2021).
2. How Many People Participated in the 2019 CrossFit Open? Available online: https://morningchalkup.com/2019/04/01/so-
how-many-people-participated-in-the-2019-crossfit-open/ (accessed on 19 March 2021).

154



Int. ]. Environ. Res. Public Health 2021, 18, 3692

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Meyer, J.; Morrison, J.; Zuniga, J. The Benefits and Risks of CrossFit: A Systematic Review. Work. Health Saf. 2017, 65, 612-618.
[CrossRef]

Smith, M.M.; Sommer, A.].; Starkoff, B.E.; Devor, S.T. Crossfit-Based High-Intensity Power Training Improves Maximal Aerobic
Fitness and Body Composition. J. Strength Cond. Res. 2013, 27, 3159-3172. [CrossRef] [PubMed]

Brisebois, M.E,; Castleberry, T.J.; Irvine, C.]J.; Deemer, S.E.; Rigby, B.R. Physiological and Fitness Adaptations Following Eight
Weeks of CrossFit®. Int. J. Exerc. Sci. Conf. Proc. 2017, 2, 68.

Choi, E.-J.; So, W.-Y.; Jeong, T.T. Effects of the CrossFit Exercise Data Analysis on Body Composition and Blood Profiles. Iran. |.
Public Health 2017, 46, 1292-1294. [PubMed]

Perna, S.; Bologna, C.; Degli Agosti, I.; Rondanelli, M. High Intensity Crossfit Training Compared to High Intensity Swimming: A
Pre-Post Trial to Assess the Impact on Body Composition, Muscle Strength and Resting Energy Expenditure. Asian . Sports Med.
2017, 9, 1-5. [CrossRef]

Drake, N.; Smeed, J.; Carper, M.]J.; Crawford, A. Effects of Short-Term CrossFitTM Training: A Magnitude-Based Approach. J.
Exerc. Physiol. 2017, 20, 111-133.

Escobar, K.A.; Morales, ].; VanDusseldorp, T.A. Metabolic profile of a crossfit training bout. J. Hum. Sport Exerc. 2017, 12, 1248-1255.
[CrossRef]

Claudino, J.G.; Gabbett, T.J.; Bourgeois, F.; Souza, H.D.S.; Miranda, R.C.; Mezéncio, B.; Soncin, R.; Filho, C.A.C.; Bottaro, M.;
Hernandez, A.J; et al. CrossFit Overview: Systematic Review and Meta-analysis. Sports Med. Open 2018, 4, 11. [CrossRef]
Kliszczewicz, B.; John, Q.C.; Daniel, B.L.; Gretchen, O.D.; Michael, E.R.; Kyle, T.]. Acute Exercise and Oxidative Stress: CrossFit™
vs. Treadmill Bout. . Hum. Kinet. 2015, 47, 81-90. [CrossRef] [PubMed]

Drum, S.N.; Bellovary, B.N.; Jensen, R.L.; Moore, M.M.T.; Donath, L. Perceived demands and post-exercise physical dysfunc-tion
in CrossFit® compared to an ACSM based training session. J. Sports Med. Phys. Fit. 2017, 57, 604-609. [CrossRef]

Maté-Mufioz, ].L.; Lougedo, ].H.; Barba, M.; Cafiuelo-Marquez, A.M.; Guodemar-Pérez, ].; Garcia-Fernandez, P.; Loza-no-Estevan,
M.d.C.; Alonso-Melero, R.; Sanchez-Calabuig, M.A.; Ruiz-Lépez, M.; et al. Cardiometabolic and muscular fa-tigue responses to
different CrossFit® workouts. J. Sports Sci. Med. 2018, 17, 668-679.

Tibana, R.A.; De Almeida, L.M.; De Sousa, N.M.E,; Nascimento, D.D.C.; Neto, .V.d.S.; De Almeida, ].A.; De Souza, V.C.; Lopes,
M.d.ET.P.L.; Nobrega, O.D.T.; Vieira, D.C.L.; et al. Two Consecutive Days of Extreme Conditioning Program Training Affects
Pro and Anti-inflammatory Cytokines and Osteoprotegerin without Impairments in Muscle Power. Front. Physiol. 2016, 7, 260.
[CrossRef]

Maté-Murioz, J.L.; Lougedo, ].H.; Barba, M.; Garcia-Fernandez, P.; Garnacho-Castafio, M.V.; Dominguez, R. Muscular fatigue in
response to different modalities of CrossFit sessions. PLoS ONE 2017, 12, e0181855. [CrossRef] [PubMed]

Hak, P.T.; Hodzovic, E.; Hickey, B. The nature and prevalence of injury during CrossFit training. J. Strength Cond. Res. 2013.
[CrossRef] [PubMed]

Weisenthal, B.M.; Beck, C.A.; Maloney, M.D.; DeHaven, K.E.; Giordano, B.D. Injury Rate and Patterns among CrossFit Athletes.
Orthop. |. Sports Med. 2014, 2, 1-8. [CrossRef] [PubMed]

Keogh, J.W.L.; Winwood, PW. The Epidemiology of Injuries Across the Weight-Training Sports. Sports Med. 2017, 47, 479-501.
[CrossRef]

Hopkins, B.S.; Cloney, M.B.; Kesavabhotla, K.; Yamaguchi, J.; Smith, Z.A.; Koski, T.R.; Hsu, W.K.; Dahdaleh, N.S. Impact of
CrossFit-Related Spinal Injuries. Clin. . Sport Med. 2017, 29, 482-485. [CrossRef]

Hopkins, B.S; Li, D.; Svet, M.; Kesavabhotla, K.; Dahdaleh, N.S. CrossFit and rhabdomyolysis: A case series of 11 patients
presenting at a single academic institution. J. Sci. Med. Sport 2019, 22, 758-762. [CrossRef]

Butcher, S.J.; Neyedly, T.].; Horvey, K.J.; Benko, C.R. Do physiological measures predict selected CrossFit®benchmark perfor-
mance? Open Access |. Sports Med. 2015, 6, 241-247. [CrossRef]

Bellar, D.; Hatchett, A.; Judge, L.; Breaux, M.; Marcus, L. The relationship of aerobic capacity, anaerobic peak power and
experience to performance in HIT exercise. Biol. Sport 2015, 32, 315-320. [CrossRef]

Zeitz, EK.; Cook, L.E; Dexheimer, ].D.; Lemez, S.; Leyva, W.D.; Terbio, L.Y.; Tran, J.R.; Jo, E. The Relationship between CrossFit®
Performance 