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Editorial on the Research Topic
Nutrition for team and individual sport athletes
Introduction

Individual and team sports involve bursts of high-intensity activity interspersed with

periods of moderate-lower intensity, but the specific patterns vary across different team

sports and individual sports (1). Although it is challenging to predict the exact

demands of any given disciplines, nutritional factors play a crucial role in individual or

team sport performance, with growing scientific interest in developing personalized

nutrition strategies for athletes. Such personalized approaches are designed to support

and enhance health, body composition, exercise performance and recovery by tailoring

dietary advice to align with an individual’s genetic makeup (2) and lifestyle/training

demands. However, when implementing personalized sports nutrition programs or

incorporating dietary supplements, it is vital to take an evidence-based approach

aligned with acknowledged physiological and biochemical mechanisms. Furthermore,

evaluating the safety and efficacy of supplements in specific populations and examining

their interactions with other components or nutrients are essential considerations. To

tackle these topics, we introduced a special issue titled “Nutrition for Team and

Individual Sport Athletes,” which garnered submissions from researchers and academics

experts in the field of sports nutrition. This special issue features fifteen high-quality

original research articles. In this editorial, we will provide an overview of the key

findings from each manuscript.
Dietary and nutritional supplements

Caffeine and beetroot juice

Caffeine and beetroot juice are dietary supplements have been extensively studied in

recent years, with good to strong evidence of achieving performance benefits when used

in specific scenarios (3). Mor et al., evaluated the impact of moderate-dose caffeine

(i.e., 3 mg/kg) on anaerobic performance and hydration status in moderately trained male

football players. The results of this study showed that caffeine improved vertical jump
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capacity and agility without affecting hydration status, but no

differences in 30 m sprint, ball kicking speed and balance were

found, suggesting caffeine is as an effective ergogenic aid for

enhancing some neuromuscular performance determinants in

football players. Referring to beetroot juice, Nyman et al., assessed

the effectiveness of a mixed beet-based supplement (i.e., beetroot

juice) vs. a placebo in reducing inflammation during recovery from

sustained intensive cycling (2.25 h) in 20 male and female cyclists,

using a multi-omics approach. A randomized, placebo-controlled,

double-blind, crossover design was employed. Participants

underwent two 2-week supplementation periods with a 2-week

washout in between, followed by a 2.25 h cycling exercise at 70%
_VO2max. The exercise led to an increase in 41 of 67 detected

oxygenated polyunsaturated fatty acids (i.e., oxylipins) that are

bioactive molecules established as important mediators during

inflammation. Beetroot juice supplementation notably raised post-

exercise concentrations of anti-inflammatory oxylipins (i.e., 18-

HEPE and 4-HDoHE) and proteomic analysis revealed changes in

protein clusters related to inflammation. Thus, an acute 2-week

intake of a beetroot juice was linked to enhanced post-exercise

anti-inflammatory markers and a reduction in protein biomarkers

associated with inflammation, supporting its potential in

moderating exercise-induced inflammation in athletes.
Carbohydrate mouth-rinsing

Carbohydrates are the body’s main source of energy for athletic

events and very used for athletes in several forms (i.e., solid, liquid,

mouth rinsing). Nyman et al. study explored the effects of

carbohydrate mouth-rinsing on physical performance during ice

hockey scrimmages in male athletes. Findings indicated that

mouth-rinsing improved endurance and performance metrics

during repeated high-intensity efforts on ice hockey performance.

Thus, mouth rinsing with carbohydrate solutions (but not

consuming) may be a valuable nutritional strategy to protect

against decrements in external load with increased playing time

in ice hockey without undue negative effects sometimes experienced

in carbohydrates ingestions (e.g., gastrointestinal distress).
Menthol

There is also current interest in menthol consumption, which has

been associated with improvements in several aspects of athletic

performance including endurance, speed, strength and joint range

of motion. Roriz et al. undertook a randomized, counterbalanced

crossover design, in which participants consumed either a 0.01%

menthol solution or a placebo noncaloric solution 45 min football

protocol (i.e., Intermittent Soccer Aerobic Fitness Test). The

authors analysed the effects of pre-exercise non-thermal cooling

sensations on examined perceptual, physical, and physiological

responses in football referees in a protocol consisting of two 45 min

intermittent exercise bouts under hot and humid conditions, with

physical performance measured as the total distance covered across

three 15 min exercise blocks. Mouth rinsing with a menthol
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solution resulted in immediate improvements in thermal sensation

and comfort. However, these perceptual benefits did not persist

throughout the 45 min exercise protocol and did not translate into

improvements in physical performance or physiological responses.

Therefore, based on the findings, use of menthol solutions may be

of limited impact for sustained events.
Turmeric

Acute muscle damage and subsequent inflammatory responses

associated with intensive exercise has led to interest in strategies to

promote rapid recovery which may be paramount to optimising

subsequent performance and reducing injury risk. For this reason,

Clayton et al., undertook a between-groups design study design to

examine the effect of a turmeric supplement (i.e., 60 ml turmeric

drink twice per day), containing high concentrations of curcumin

a polyphenol proposed to reduce muscle damage and soreness in

recreational athletes. The study aimed to determine whether

turmeric supplementation could enhance recovery and improve

neuromuscular performance [e.g., countermovement jump (CMJ)

and isometric mid-thigh pull (IMTP)] and physiological markers

of recovery [e.g., creatine kinase (CK) and plasma C-reactive

protein (CRP)] in elite male football players. Measurements

were taken immediately (0 h) and at 40–64 hours post-match

following eight competitive matches showing that the curcumin-

containing supplementation appeared to attenuate post-match

inflammation, as indicated by reduced CRP levels. However, no

significant effects were found on muscle damage markers (CK) or

on neuromuscular performance measures (CMJ and IMTP). As

such, further research is needed to establish the acute and chronic

effects of polyphenol nutrients such as curcumin.
Other nutrients

New dietary or nutritional supplements appear in the scientific

domain constantly and there is need to verify their efficacy.

According to Penggalih et al., marine-derived substances, such as

omega-3 fatty acids, proteins, biopeptides, carotenoids,

glucosamine, and minerals, have demonstrated potential in

addressing obesity-related health issues, including dyslipidaemia,

diabetes, oxidative stress, and inflammation. However, their

effects on sports performance are not as well-documented. For

this reason, the authors of this review stress the importance of

further research to investigate marine-derived proteins and the

development of functional foods specifically designed for high-

performance athletes. In addition, Zhou et al., undertook a

systematic review and meta-analysis regarding effects of

molecular hydrogen (H₂) supplementation and potential

contribution in enhancing physical performance (i.e., endurance,

muscular strength, and explosive power performance). Authors

stated that H₂ supplementation short-term (<14 days) enhance

lower limb explosive power, relieve fatigue, and improve blood

lactate clearance, although they may not significantly boost

aerobic endurance, anaerobic endurance, or muscular strength,
frontiersin.org
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being inhalation of H₂ appears to be the most effective method for

enhancing physical performance, particularly lower limb explosive

power, in healthy adults. Future studies with robust designs are

needed to provide more definitive conclusions regarding the

effects of H₂ on lower limb explosive power and muscle strength

in this population.
Perception and use of supplements

The abovementioned studies support the utility of some

supplements, when used in defined athletic populations

(including football players), to support discrete performance

outcomes. Acknowledging that research on supplements is a

growing field, Abreu et al., aimed to investigate the supplement

perspectives and practices of nutritionists working with elite

football teams, via online questionnaire. They established that the

majority of nutritionist (70.8%) agreed or strongly agreed to

recommend dietary supplements to football players. Interesting,

however, just 50% of nutritionist believed that supplements were

effective, which may reflect findings in the literature, including

within this special issue, that efficacy varies across supplements,

sporting discipline, and outcome of interest.
Relationships between body composition,
nutritional status/intake, health status
(including RED-s), and nutritional
knowledge assessment

Oukheda et al. evaluated whether the dietary practices

of professional and adolescent football players in Morocco

during the competitive period met international macronutrient

recommendations and explored the relationship between their

nutritional status and aerobic performance, as measured by the

Yo-Yo IRL1 test. The authors reported that higher intake levels

of carbohydrates and proteins were positively correlated with the

total distance covered by the players, while higher proportion of

energy derived from fats in the diet was negatively correlated

with the distance covered. Therefore, optimizing carbohydrates

and protein intake while managing fat consumption may be

highly important for enhancing football performance. Staśkiewicz
et al. assessed changes in body composition among professional

football players throughout the macrocycle season, aiming to

identify the correlation between nutrition knowledge and the

maintenance of muscle mass. The authors assert that players’

knowledge of macronutrient subcategories was significantly

negatively correlated with the variability of skeletal muscle mass

content. This finding establishes that nutrition knowledge

impacts the stability of body composition across all analysed

periods: preparatory, competitive, and transition phases

highlighting the benefits of targeted strategies to improve the

level of nutritional knowledge of athletes to maintain appropriate

body composition. Ostensibly, the relationship between

knowledge and body composition identified by Staśkiewicz et al.

is mediated by dietary practices. AlKasasbeh and Akroush, in a
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cross-sectional study, aimed to explore the relationships between

food habits, perceived barriers to healthy eating, and sports

nutrition knowledge among adolescent swimmers. The study

found a significant positive association between food habits and

sports nutrition knowledge, determining that nutrition

knowledge emerged as a significant positive predictor of healthy

food habits. Nicholas and Grafenauer, were also interested in the

potential value of knowledge and education. Their research

aimed to establish a baseline understanding of dance students at

a single pre-professional institution, using metrics focused on

current health, nutrition, lifestyle, and overall wellbeing, while

also assessing their knowledge of long-term health implications.

Utilizing a cross-sectional study design, the Dance-Specific

Energy Availability Questionnaire was adapted for Australian

participants and administered online. They determined that

assessing the health status and preventative health knowledge of

pre-professional dancers can inform educational strategies that

promote dancers’ health and career longevity. The findings

provide valuable insights into health knowledge and specific

issues relevant to dancers, underscoring the need for tailored

educational strategies to emphasize preventative health.

Additionally, the study highlights the necessity for increased

awareness of low energy availability and relative energy

deficiency (REDs) in sport among practitioners working with

dancers, as well as cultural and structural changes within the

wider dance community to safeguard and enhance dancers’

wellbeing. Also in the REDs field, Dvořáková et al. provide a

comprehensive review of the markers used to diagnose Relative

Energy Deficiency in Sport REDs and compare them to the REDs

CAT2 score. This review highlights the most used diagnostic

markers, such as bone mineral density, anthropometric parameters,

and T3 hormone concentration. The authors emphasize the

importance of standardizing methodologies in future research to

assess the holistic nature of an individual’s profile in determining

the presence of REDs or other contributing factors as previously

suggest in the literature (4).
Wider aspect of diet and nutrition

Finally, the last two articles of our special issue covered wider

fields such as: the impact of nutrition on visual perceptual-

cognitive performance in healthy adults; the interrelationships

among food habits, sports nutrition knowledge, and perceived

barriers to healthy eating in adolescent swimmers; and

association between diet and sleep with internalising symptoms

in young athletes. Beathard et al., examined the impact of

nutritional intake on visual perceptual-cognitive performance in

young, healthy adults. The authors reported that cognitive

function benefits from higher dietary intake of carbohydrates,

lutein/zeaxanthin, and vitamin B2. Conversely, elevated protein

consumption was associated with a negative effect on visual

perceptual-cognitive performance in female participants. Finally,

Gao and Wang, realized a cross-sectional study investigating the

association between diet, sleep, and internalizing symptoms in

758 young Chinese athletes. The Australian Athletes Diet Index
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was employed to evaluate dietary patterns, while sleep quality was

measured using the Athletes Sleep Screening Questionnaire.

Symptoms of anxiety and depression were assessed using the

Generalized Anxiety Disorder 7 scale and the 9-item Patient

Health Questionnaire. The findings indicated that diet mediated

the relationship between chronotype and sleep quality, while

sleep quality mediated the association between diet and

symptoms of anxiety and depression. Furthermore, both diet and

sleep quality jointly mediated the association between chronotype

and symptoms of anxiety and depression.
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Purpose: This randomized, double-blind, crossover study examined the effects of

mouth-rinsing (MR) with a carbohydrate (CHO) vs. a placebo (PLA) solution on external

and internal loads in hydrated ice hockey players during regulation and overtime (OT)

periods of an on-ice scrimmage.

Methods: Twelve skilled male hockey players (22.6 [3.4] years, 178.9 [4.7] cm,

84.0 [6.5] kg) played three 20-min regulation periods and one 12-min OT period of

small-sided 3-on-3 scrimmage. Skaters repeated 2min shift and rest intervals.

Participants mouth rinsed with 25mL of CHO or PLA solution approximately every 10min

for a total of 7 rinses. A local positioning system (LPS) tracked external load variables

including speed, distance, acceleration, and deceleration. Internal load was monitored

with heart rate (HR) sensors and a rating of perceived exertion (RPE).

Results: During regulation play, both the conditions developed similar fatigue, with

significantly decreased high-intensity distance, average speed and decelerations, and

increased RPE, from period 1 to 2 and 3. In OT, CHO MR increased the distance skated

at high-intensity (224 [77], 185 [66] m, p = 0.042), peak speed (24.6 [1.6], 23.7 [1.3]

km·h−1, p = 0.016), number of sprints (1.9 [1.2], 1.2 [0.9], p = 0.011), and decreased

distance skated at slow speed (300 [33], 336 [47], p = 0.034) vs. PLA MR. OT RPE was

similar between the two conditions in spite of more work done in CHO MR.

Conclusions: CHO MR may be a valuable practice to protect against decrements in

external load with increased playing time in ice hockey, and possibly allows athletes to

perform more work relative to perceived levels of exertion.

Keywords: team sport, local positioning system, heart rate monitors, external load, internal load, 3-on-3

scrimmage, hydration
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INTRODUCTION

Ice hockey is an intermittent high-intensity team sport that
requires explosive power, speed, muscular strength, and superior
anaerobic and aerobic capacities (1–6). On-ice shifts are
short (30–80 s), but players perform several bouts of near
maximal-intensity exercise per minute, including repeated
sprints, quick direction changes, body contact, grappling, and
rapid accelerations and decelerations (1–5). These bouts are
interspersed with periods of low-intensity skating and gliding,
and rest.

Given the high physical intensity of training and competition,
carbohydrate (CHO) from muscle glycogen is the primary fuel
for ice hockey (3, 7, 8). Historical research has established
that intermittent periods of high-intensity skating significantly
exacerbated skeletal muscle glycogen depletion relative to
continuous steady-state skating (9, 10), and subsequent work
confirmed significant depletion of both type I and type II
muscle fibers from pre- to postgame in male hockey players
(7, 11, 12). Providing greater details to the limited pool of on-
ice research, Vigh-Larsen et al. recently established time-point
analysis of muscle glycogen depletion and the development of
fatigue in elite men (U20 International) during a controlled
hockey game (3). Despite playing only 8, 1-min shifts per
period, significant glycogen depletion occurred within period
1, and ∼65% of fast- and slow-twitch fibers were depleted
by the end of the 3 periods. These findings were associated
with marked decrements in physical performance across time,
including reduced repeated sprint ability and fewer accelerations
and decelerations, which were attributed to the development of
fatigue. The glycogen depletion and fatigue exhibited by hockey
players are similar to postgame values reported in field sport
athletes, but notably, are achieved with dramatically less playing
time (24 vs. ∼90min) (13). From the collective findings of ice
hockey and other intermittent high-intensity exercise research,
it has been established that low energetic states within skeletal
muscle fibers produce intolerance to repeated high-intensity
exercise bouts and exacerbate fatigue (3, 13, 14).

In previous research, it was established that the consumption
of CHO electrolyte solutions (CES) improved physical
performance and helped reduce fatigue across time in ice
hockey (15–17). This was observed as increased voluntary work
performed, skating speed and time at high effort, and reduced
ratings of perceived exertion (RPE) with CES ingestion. However,
these results were compared to no-fluid, mild dehydration trials,
and so it remains unclear whether performance enhancements
were the result of mitigation of dehydration, CHO ingestion, oral
exposure to CHO, or a combination of these factors.

Indeed, isolated oral exposure to CHO throughmouth-rinsing
(MR) has demonstrated small to moderate positive effects on
exercise performance in short-term (< 60min), steady-state
high-intensity (> 75% VO2max) running and cycling. Relative to
taste-matched placebo solutions (PLA), CHO MR was observed
to improve time trial (TT) performance and power production,
as well as increase distances and times to exhaustion (18–20).
In seminal work, direct infusion of glucose did not enhance
exercise performance, despite elevated blood glucose levels and

increased muscle glucose uptake (21). Thus, it was speculated
that the mechanism responsible for performance improvement
with CHO MR may be non-metabolic and related to central
control. To test this hypothesis, Chambers et al. conducted a
multipart study that examined human brain activity and exercise
performance in response to isolated oral exposure to isocaloric
sweet (glucose) and tasteless CHO (maltodextrin), as well as a
non-caloric sweetener (saccharin) (22). MR with either CHO
solution improved performance relative to the non-caloric sweet
placebo. Notably, both CHO solutions, but not the PLA solution,
increased brain activity in the reward, motivation, and motor
control regions, independent of taste. Similar findings have
been repeated with other non-caloric sweeteners (ex. sucralose),
which also demonstrated a minimal effect on brain activity
in these regions (23). Building on the seminal findings, later
works theorized that oral sensing of CHO induces subconscious
perceptions of energy availability that alter central control, and
demonstrated the facilitation of increased corticomotor and
sensorimotor activity with CHO MR, which are proposed to
mitigate fatigue and attenuate performance decrements (24–26).

Though CHO MR has been thoroughly examined in steady-
state exercise, there is mixed reporting of potential benefits in
intermittent high-intensity exercise (27), and few studies have
examined this practice in team sport settings (28–30). In female
soccer players, CHO MR improved speed in short shuttle sprint
performance (29). CHO MR did not affect repeated sprint
performance in male soccer and rugby players (28), but it did
prolong the onset of fatigue and reduce perceptions of effort in
increasing-speed shuttle running to exhaustion in male lacrosse
players (30). However, existing team sport research protocols
are limited by the minimal inclusion of sport-specific exercises
or scrimmages, which serve to replicate the rapid and sporadic
changes in direction typical of training and competition (8). To
date, there has been no CHOMR research in ice hockey.

Historically, measurement of ice hockey performance has
been impaired by the difficulty of comparing off-ice to on-
ice activity due to the prevalence of different surfaces (i.e.,
floor vs. ice), as well as the unique biomechanics facilitated by
skating (31–33). The development of valid and reliable wearable
technologies for indoor sports, such as local positioning systems
(LPS) with Bluetooth heart rate (HR) monitors (34, 35), has
enabled the collection of external and internal load data during
on-ice training and competition (2, 3, 36).

External load is defined as the physical work performed
during exercise and pertains to the organization, quality, and
quantity of exercise (37). Examples of external load measures
in team sports such as ice hockey include speed, total distance,
and relative distance by speed zones, and explosive movements
such as accelerations, decelerations, and changes in direction
(2, 3, 5, 37, 38). Internal load represents the psychophysiological
response to external load (36, 37). Existing measures of internal
load in ice hockey include RPE, HR, and HR-derived training
impulse (TRIMP), which combines exercise time, intensity and
relative weighting of intensity (36, 39, 40).

Therefore, the present study used wearable LPS and HR
microtechnology to examine the effects of MRwith CHO vs. PLA
solutions on external and internal loads in hydrated male ice
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hockey players during on-ice scrimmages with three regulation
periods and one overtime (OT) period. It was hypothesized
that relative to PLA, CHO MR would attenuate decreasing
external load and increasing internal load: (1) as the 3 periods
of regulation progressed, and (2) within the OT period.

MATERIALS AND METHODS

Subjects
Twelve skilled male ice hockey players volunteered for
this study (22.6 ± 3.4 years, 178.9 ± 4.7 cm, 84.0 ±

6.5 kg, skill range: AA U18–collegiate/major junior).
Participants were active (∼1.5 h/day, 5 days/week)
and regularly played organized hockey. Participants
were informed verbally and in writing about the study
risks, before obtaining written consent. Ethical approval
was obtained from the University of Guelph Research
Ethics Board.

Study Design
This study had a double-blind, randomized, crossover design
which included 1 familiarization trial and 4 experimental trials.
Trials occurred at the same time (1:00–3:30 pm) and were a
minimum of 48 h apart. Participants refrained from alcohol
and strenuous exercise in the 24 h preceding each trial and
were instructed to maintain the same dietary habits each
trial day as they would in preparation for a game. Neither
prescrimmage caffeine nor CHO intake was restricted. Pre-
and post-skate measures were performed off-ice and included
urine-specific gravity (USG) and body mass (BM) (Figure 1).
USG was measured with a hand-held “pen” refractometer
(ATAGOUSA Inc., Bellevue, WA, USA), and values<1.020 were
accepted as hydrated (17). BM was measured with participants in
minimal clothing. Participants were on-ice for ∼90min, which
included 10min of warm-up, 3 20-min regulation periods, and
one 12-min overtime period of small-sided 3-on-3 scrimmage
with goaltenders, and 3 2-min intermissions. During the
scrimmage, skaters hydrated with water and performed a 10-s
MR approximately every 10min with 25mL of CES (Gatorade:
6% CHO, 19mM sodium, 11mM chloride, 3mM potassium),
or a noncaloric, taste- and electrolyte-matched placebo solution
(PLA; Gatorade Zero). Presently, there is great inconsistency
across the literature regarding solution concentration, length,
frequency, and number of MRs (26, 27). The procedures used
herein align with the most prevalent protocols to have displayed
positive effects on high-intensity exercise performance.

Familiarization and experimental trials had the same
structure, except familiarization included the additional protocol
of measuring participant sweat loss. Skaters voided their bladder
for the pre-skate urine sample. On-ice, skaters drank water
ad-libitum from assigned bottles that were weighed pre- and
post-skate. Sweat amount was equal to [(pre-BM – post-BM)
+ (fluid intake – urine output)]. This information was used
to establish individual fluid intake parameters necessary to
prevent mild dehydration in experimental trials. Within the
latter, players were provided with two bottles with a volume of
fluid equivalent to their expected sweat amount and were given

frequent encouragement to drink, with the goal of finishing one
bottle by the end of the second period, and the other at the end
of OT.

Methodology
On-Ice Scrimmages
Scrimmages were played across the width of an Olympic-sized
rink (1.5 ± 0.9◦C, 56.4 ± 4.2% humidity) between the blue line
and end boards (Figure 2). Nets were set up ∼2m from the
boards on the midline of the area. The space between the two
blue lines (neutral zone) was used as a rest area for players.
Research occurred during the COVID-19 pandemic, so a 3-on-
3 scrimmage structure was adopted over 5-on-5 to abide by
public health gathering guidelines. Each team had 6 players to
permit rotation of 2 lines. A similar “small-sided game” set-
up had previously been observed to elicit high-intensity game
play which mimicked conventional 5-on-5 competition (41).
The entire scrimmage included three 20-min regulation periods
and one 12-min OT period, separated by 2-min intermissions.
Regulation and OT were treated as separate events, as the score
was always reset in the latter to imitate the tied score that
would necessitate the additional “winner-take-all” OT period in
a professional hockey competition (42). Within periods, skaters
repeated 2-min shift and rest intervals, with changes made on
a whistle. During the rest phases skaters remained seated. Lines
were matched on the basis of skill to ensure fair gameplay
(assessed during familiarization scrimmage and initial screening
questionnaire). Six players with the highest skill level were put
into group A and were randomly divided into two lines of 3
(“A Lines”). The remaining 6 players were put into group B and
randomly divided into two groups of 3 (“B Lines”). The two
lines in group A competed only against each other throughout
the study as did the two lines in B. To encourage a high-level
of competition, monetary awards were granted to players of the
winning team for regulation and for OT.

MR Protocol
Mouth-rinse was performed at rest, preceding the first shift of
every period (regulation and OT), and at roughly the mid-point
of each regulation period, for a total of 7 rinses (Figure 1).
Rinse aliquots were premeasured (25mL) and administered
orally via a plastic syringe. MR involved vigorous swishing
of solution around the mouth for 10 s before expectorating
the entire volume into a bucket. Participants were instructed
to refrain from drinking any water in the remaining rest
time after each rinse to prevent accidental ingestion of
the solution. Individuals were assigned one MR condition
per trial, and CHO and PLA conditions were randomized
within teams and lines by a blinded researcher as to not
confound scrimmage outcome. Duplicate experimental trials
were completed for each condition. Blinding effectiveness was
assessed via a postskate questionnaire that asked participants
whether they felt they knew which rinse condition they
had received. If the participants answered “yes” to this
question, they were asked to identify the condition and explain
their reasoning.
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FIGURE 1 | Experimental trial timeline. Numbers are in minutes. MR, mouth-rinsing; RPE, rating of perceived exertion.

FIGURE 2 | Schematic diagram outlining the ice-rink set up for small-sided 3-on-3 scrimmage and the location of one server and 16 anchors of an ultrawideband

local positioning system (LPS; Kinexon, Munich, Germany) used to measure on-ice movements of skaters during scrimmage. Circles represent player rest/MR

stations. MR, mouth-rinsing; P1, period one; P2, period two; P3, period three; OT, overtime.
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Athlete Monitoring
On-ice external loads were tracked using a tri-axial LPS (Kinexon
Sports & Media, New York, NY, USA) which operated through
specific local network access, one Power over Ethernet switch,
one server, 16 anchors (secured to the arena rafters), and
individual player sensors (Figure 2). Unpublished observations
from our group have confirmed the validity and reliability
of this system for use in ice hockey. Briefly, LPS variables
including time on ice, skating distance, peak and average
speed, and peak acceleration and deceleration demonstrated
intersensor reliability (coefficient of variation (CV) <10%) when
comparing two sensors worn by the same player. Also, when
compared against a previously validated robotic sprint device
(1080 Sprint, 1080 Motion, Lidingo, Sweden), near perfect
correlations were observed between systems for instantaneous
speed (r = 0.892, p < 0.001), peak speed (r = 0.989, p < 0.001),
and acceleration (r = 0.968, p < 0.001), with very low CVs for
all (<3%).

In the present study, sensors were secured to the exterior
shoulder pads, positioned between the scapulae. LPS sensors
included accelerometers to quantify linear motion in all
directions, gyroscopes to measure angular motion and rotation,
and magnetometers to measure direction and orientation of
body position (44). To measure on-ice internal loads, players
wore HR sensors (Polar OH1, Polar Electro OY, Kempele,
Finland) secured in a band around the mid-bicep to avoid
interference with protective equipment. These data were
transmitted via Bluetooth to LPS sensors. Ultrawideband (UWB)
channels (3244.88–4742.40 MHz) allowed for communication
between LPS sensors and anchors, enabling real-time collection
of data (20Hz), transmitted to the server via hardwired
connection. Data were stored on the LPS platform and could
be retrieved on a secure computer for live or retrospective
analysis. Commencement and cessation of data collection
occurred automatically as players entered and exited the
ice surface.

External load variables were derived from spatial and
temporal LPS data and included distances, speeds, and explosive
movements (accelerations, decelerations, sprints). Definitions of
these metrics were adapted from One & Media—KNX ONE
Hockey Metrics (Kinexon, Munich, Germany). Distance skated
was categorized according to 6 speed zones: zone 1–very slow
= 1.0–10.9 km·h−1, zone 2–slow = 11.0–13.9 km·h−1, zone 3–
moderate= 14.0–16.9 km·h−1, zone 4–fast= 17.0–20.9 km·h−1,
zone 5–very fast= 21.0–24.0 km·h−1, and zone 6–sprint=>24.0
km·h−1 (5). Distances traveled at low-intensity (<17 km·h−1)
and high-intensity (≥17 km·h−1) speeds were also reported
(3). Average and peak speeds (km·h−1) were determined from
instantaneous changes in position and time. Accelerations were
defined by positive rates of change of velocity (>2.0 m·s−2), while
decelerations were defined by negative rates of change of velocity
(<-2.0 m·s−2). A sprint was an action ≥22 km·h−1, maintained
for at least 1 s.

Physiological indicators of internal load were measured across
each period and included peak, average HR, and TRIMP (27, 45).
RPE (Borg-10 scale) provided a psychophysiological measure of
internal load and was recorded immediately following players’

third and last shifts in periods 1–3, and the last shift in OT
(Figure 1).

Statistical Analysis
All participant data were from duplicate trials and were reported
as mean (SD). Data from regulation and OT were treated
as separate events. Data were confirmed to present a normal
Gaussian distribution with a Shapiro–Wilk test. Data from
regulation periods 1–3 were analyzed with two-way repeated
measures ANOVAs (condition × period). When a significant F
ratio was found, a post-hoc analysis was performed using Tukey’s
multiple comparisons test with adjusted p-values. Data collected
in OT were analyzed using paired t-tests. Effect sizes (ES) were
reported as partial η

2 (ηp
2) for ANOVA (small = 0.01– 0.059,

moderate = 0.06–0.139, large = ≥ 0.14) and Cohen’s d for
pairwise comparisons (small = 0.2–0.59, moderate = 0.6–1.19,
large = 1.2–1.99, very large = ≥ 2.0) (45). All statistical analyses
were performed with GraphPad Prism 9.1.0 for Mac (Graphpad
Software, LLC, San Diego, CA). Significance was accepted at p ≤
0.05, with confidence intervals (CI) of 95%.

RESULTS

Blinding Effectiveness
There were 10/48 trials where players (n= 5) were confident they
knew which MR solution they received. However, they were only
correct 50% of the time, such that the correct MR solution was
identified 5/48 times.

Hydration Status
The average pre-scrimmage USG for all trials was 1.007 ± 0.006.
Average player sweat loss was 1.38 ± 0.31 L and sweat rate was
0.97 ± 0.22 L·h−1. Participants maintained hydration during the
CHO and PLA trials, losing only 0.32 ± 0.01 and 0.33 ± 0.01%
BM, respectively.

Performance in Regulation Play
External Load
There was no difference in total distance skated between MR
conditions (CHO: 6,176± 287m, PLA: 6,292± 402m). For both
conditions, there was a main effect of period [F(2, 22) = 6.45, p =
0.006, ηp

2 = 0.71], and distance in period 1 (2,130 ± 19m) was
greater than periods 2 (2,062 ± 11m, p = 0.008) and 3 (2,072 ±
29m, p= 0.024).

In zone 1 there was a significant two-way interaction between
period and condition [F(2, 22) = 5.07, p = 0.015, ηp

2 = 0.46;
Figure 3A]. Within period 2, significantly less distance was
skated with CHO (695 ± 108m) compared to PLA MR (737 ±

92m, p= 0.005). For PLAMR only, significantly greater distance
was skated in period 2 (737 ± 92m) compared to period 1 (677
± 108m, p < 0.001) and period 3 (701± 116m, p= 0.21). There
was a main effect of period on distance in zones 2 [F(2, 22) =
4.58, p = 0.022, ηp

2 = 0.93], 3 [F(2, 22) = 3.58, p = 0.045, ηp
2 =

0.53], and 4 [F(2, 22) = 9.15, p = 0.001, ηp
2 = 0.79]. Across both

conditions, greater distance was skated in period 1 compared to
period 2 in zones 2 (p = 0.018) and 3 (p = 0.037), and period
1 compared to period 3 in zone 4 (p < 0.001) (Figures 3B–D).
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FIGURE 3 | Distance traveled by male high-level hockey players (n = 12) in (A) zone 1–very slow (1.0–10.9 km·h−1), (B) zone 2–slow (11.0–13.9 km·h−1), (C) zone

3–moderate (14.0–16.9 km·h−1), (D) zone 4–fast (17.0–20.9 km·h−1), (E) zone 5–very fast (21.0–24.0 km·h−1), and (F) zone 6–sprint (>24.0 km·h−1) speed zones

when mouth-rinsing with carbohydrate (CHO) or placebo (PLA) solution during three 20-min regulation periods of small-sided 3-on-3 ice hockey scrimmage. Data are

mean (SD). *Main effect of period, significantly lower than period 1. aSignificantly greater than period 1, same condition. bSignificantly lower than period 2, same

condition. #Signifcantly greater than other MR condition, same period. Significance accepted at p ≤ 0.05.
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There were no differences in the distances of zones 5 and 6
(Figures 3E,F).

There was amain effect of period for distance at high-intensity
speed [F(2, 22) = 6.04, p= 0.008, ηp

2 = 0.40], and the distance for
both conditions in period 3 (328 ± 7m) was less than period 1
(370 ± 5m, p = 0.006). There was a main effect of period on
average speed [F(2, 22) = 5.73, p = 0.010, ηp

2 = 0.41], which
decreased in both conditions from period 1 to periods 2 (p =

0.012) and 3 (p= 0.041) (Table 1).
There was a main effect of period on number of decelerations

[F(2, 22) = 17.39, p < 0.001, ηp
2 = 1.93], which decreased in both

conditions from period 1 to periods 2 and 3 (p < 0.001 for both)
(Table 1).

Internal Load
Peak HR displayed a main effect of time [F(2, 22) = 11.94, p
< 0.001, ηp

2 = 0.79], and was lower in both conditions in
period 1 (183.6 ± 1.2 bpm) compared to period 2 (187.5 ± 0.4
bpm, p < 0.001) and 3 (186.9 ± 1.7 bpm, p = 0.002). Average
HR exhibited a significant two-way interaction between period
and MR condition [F(2, 22) = 5.09, p = 0.015, ηp

2 = 0.46], and
within both conditions, period 1 (CHO: 147.8 ± 11.1 bpm, PLA:
145.6 ± 11.1 bpm) was lower than periods 2 (CHO: 155.3 ±

10.3 bpm, PLA: 156.9 ± 10.4 bpm, p < 0.001 for both) and 3
(CHO: 155.0 ± 10.9 bpm, PLA: 157.4 ± 11.3 bpm, p < 0.001
for both). Across regulation for CHO and PLA MR, peak HR
values were 94 ± 4% and 94 ± 4% of age-predicted maximum
and average HR vales were 77± 5% and 78± 6% of age-predicted
maximum, respectively.

There was a significant two-way interaction between period
and condition for TRIMP [F(2, 22) = 4.11, p= 0.030, ηp

2 = 0.37].
Within CHO and PLA conditions, period 1 (CHO: 37 ± 11AU;
PLA: 35± 12AU) was lower than periods 2 (CHO: 43± 13AU, p
= 0.002; PLA: 45 ± 12AU, p < 0.001) and 3 (CHO: 42 ± 15AU,
p = 0.016, PLA: 46 ± 15AU p < 0.001). TRIMP values across
regulation were not different between conditions (CHO: 122 ±

37AU, PLA: 126± 38 AU).
Ratings of perceived exertion displayed a main effect of period

[F(5, 55) = 8.28, p < 0.001, ηp
2 = 1.01], and in both conditions

average values were lower in period 1 vs. 2 (p = 0.001) and 3 (p
= 0.007). In periods 2 and 3 there was a non-significant trend for
RPE to be lower with CHO (RPE values: period 1 = 6.7, period
2 = 7.2, and period 3 = 6.9) compared with PLA (RPE values:
period 1= 6.7, period 2= 7.4, and period 3= 7.4).

Performance in Overtime Play
External Load
There was no difference in total distance skated between CHO
and PLA MR in OT (1,229 ± 78, 1,225 ± 99m). In zone 2,
greater distance was skated with PLA compared to CHO MR (p
= 0.034, ES = 0.89; Figure 4). Distance skated was comparable
between MR conditions in the other 5 speed zones. Distance at
high-intensity speed was significantly greater with CHO relative
to PLA MR (p= 0.042, ES= 0.54; Figure 5).

Peak speed was higher with CHO over PLAMR (p= 0.016, ES
= 0.62; Figure 6), but there was no difference in average speed
between conditions. Average number of sprints performed was

TABLE 1 | Speed and explosive movement external load variables of hydrated

male high-level hockey players (n = 12) when mouth-rinsing with carbohydrate

(CHO) or placebo (PLA) solution during three 20-min regulation periods of

small-sided 3-on-3 ice hockey scrimmage.

Variable Condition Period 1 Period 2 Period 3

Peak speed

(km·h−1)

CHO MR 24.3 (1.3) 24.2 (1.3) 24.4 (1.6)

PLA MR 24.5 (1.2) 24.4 (1.4) 24.6 (1.7)

Average speed

(km·h−1)

CHO MR 12.6 (0.9) 12.4 (0.9)* 12.3 (0.7)*

PLA MR 12.8 (0.7) 12.3 (0.9)* 12.6 (1.0)*

Sprints (number) CHO MR 2.7 (1.9) 2.5 (1.5) 2.4 (1.6)

PLA MR 1.9 (1.1) 2.4 (1.1) 2.3 (1.2)

Peak acceleration

(m·s−2)

CHO MR 3.5 (0.3) 3.4 (0.3) 3.3 (0.3)

PLA MR 3.5 (0.2) 3.6 (0.2) 3.6 (0.2)

Accelerations

(number)

CHO MR 12.8 (4.8) 12.0 (3.9) 11.5 (3.9)

PLA MR 13.3 (4.6) 12.4 (3.7) 12.5 (4.4)

Peak deceleration

(m·s−2)

CHO MR 4.7 (0.5) 4.6 (0.5) 4.4 (0.4)

PLA MR 4.6 (0.4) 4.7 (0.3) 4.4 (0.5)

Decelerations

(number)

CHO MR 19.3 (4.2) 15.6 (4.1)* 15.7 (3.8)*

PLA MR 19.9 (5.9) 16.0 (3.5)* 15.8 (5.2)*

A sprint is a movement at any speed ≥ 22 km·h−1, maintained for at least 1 s.

Accelerations (> 2.0m·s−2). Decelerations (<−2.0m·s−2). Values are presented asmean

(SD). *Main effect of period, significantly lower than period 1 (p ≤ 0.05).

higher with CHO [1.9 ± 1.2] opposed to PLA [1.2 ± 0.9, p =

0.011, ES = 0.66]. There were no differences between CHO and
PLA MR for number of accelerations (8.5 ± 3.5, 7.7 ± 2.1) and
decelerations (9.7 ± 3.5, 10.3 ± 2.8), or peak acceleration (3.4 ±
0.4, 3.5 ± 0.4 m·s−2) and peak deceleration (−4.4 ± 0.5, −4.0 ±
0.5 m·s−2).

Internal Load
There were no differences between CHO or PLA MR for peak
HR (183.3 ± 9.1, 185.7 ± 9.0 bpm), average HR (153.7 ± 11.8,
155.2 ± 11.3 bpm), TRIMP (24.9 ± 8.5, 26.4 ± 8.2AU), or RPE
(7.7 ± 0.9, 7.5 ± 0.9). For CHO and PLA MR, peak HR values
were 93 ± 4% and 94 ± 4% for age-predicted maximum, and
average HR values were 78 ± 6% and 79 ± 5% of age-predicted
maximum, respectively.

DISCUSSION

This research examined the effects of CHO MR on external and
internal loads in hydrated male ice hockey players during three
regulation periods and one OT period of a small-sided 3-on-3 on-
ice scrimmage. This is the first study to examine CHO MR in ice
hockey, and the first MR research to use an entirely team sport-
specific exercise protocol. The principle findings of this study
were: (1) in regulation, there was a similar development of fatigue
across both MR conditions from period 1 to 2 and 3, observed
as decreases in external load metrics of total distance, high-
intensity distance, number of decelerations, and average speed,
and increases in internal load metrics of peak HR, average HR,
TRIMP, and RPE, (2) CHO MR did not attenuate the decreases
in external load and increases in internal load during regulation
play, (3) in OT, peak speed, high-intensity distance, and number
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FIGURE 4 | Distance traveled by male high-level hockey players (n = 12) in zone 1–very slow (1.0–10.9 km·h−1), zone 2–slow (11.0–13.9 km·h−1), zone 3–moderate

(14.0–16.9 km·h−1), zone 4–fast (17.0–20.9 km·h−1), zone 5–very fast (21.0–24.0 km·h−1), and zone 6–sprint (>24.0 km·h−1) speed zones when mouth-rinsing (MR)

with carbohydrate (CHO) or placebo (PLA) solution during one 12-min overtime period of small-sided 3-on-3 ice hockey scrimmage. Data are mean (SD).
#Signifcantly greater than other MR condition, same zone (p ≤ 0.05).

of sprints were greater with CHO over PLA MR, but (4) there
were no differences in HR, TRIMP, or RPE between conditions in
OT, despite elevated external loads with CHO MR. These results
demonstrate that CHO MR improved physical performance in
OT of an ice hockey scrimmage, and allowed athletes to perform
more work relative to perceived levels of exertion.

Regulation
There are limited recent descriptions of physical performance in
ice hockey, and only two studies have included analysis of 3-on-
3 play, despite its frequent occurrence in high-level competition
(42). Lachaume and colleagues used small-sided 3-on-3 game,
however the playing field was oriented differently, playing
duration was shorter, the population was younger, and external
loads were not monitored, severely limiting comparability to
the present work (41). Alternatively, Lignell’s group examined
3-on-3 full-ice competition, but only during an OT period
(5). The present protocol has previously been used in other
hockey research, but for analyzing goaltender performance (17).
Therefore, the current analysis of player external and internal
loads across time in small-sided 3-on-3 hockey scrimmage
is novel.

The external loads observed herein were comparable to elite
men’s 5-on-5 full-ice hockey, where no change in distance was
reported in the top speed zones between periods, but skaters
displayed difficulty maintaining high-speed and performing
explosive efforts across time (3, 5). Within the latter, marked
skating fatigue was associated with the significant depletion of
muscle glycogen, which occurred at the greatest rate in period
1 where players traveled ∼900m of high-intensity distance
(3). During regulation in the present study, skaters traveled
∼1,000m of high-intensity distance, and accumulated similar
total distance (∼6,200m) to 5-on-5 players (∼6,000m). Since
anaerobic metabolism is the primary source of energy for high-
intensity skating, transitions to higher speeds, and explosive
efforts, it is proposed that late-scrimmage fatigue in small-sided
3-on-3 scrimmage was at least partly due to significant depletion
of glycogen within skeletal muscle fibers (3, 14).

Average and peak HR values recorded in small-sided 3-on-
3 scrimmage were similar to values reported in elite adolescent
male small-sided 3-on-3 (41), but were slightly lower than
university and elite men’s 5-on-5 competition (3, 46). The
lack of disparity between MR conditions is not surprising,
as consumption of CES did not attenuate increases in HR
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FIGURE 5 | Distance traveled by male high-level hockey players (n = 12) at low-intensity (<17 km·h−1) and high-intensity (≥17 km·h−1) speeds when mouth-rinsing

with carbohydrate (CHO) or placebo (PLA) solution during one 12-min overtime period of small-sided 3-on-3 ice hockey scrimmage. Data are mean (SD).
#Signifcantly greater than other MR condition, same speed (p ≤ 0.05).

in simulated or on-ice 5-on-5 scrimmage in recreational men
(15, 16). Previous studies demonstrated reduced perceptions of
fatigue with CES consumption in hockey, but no effects were
observed presently. However, the former were compared to no-
fluid trials, and therefore it is proposed that the maintenance of
euhydration in the present protocol may have overpowered any
additional benefit of oral CHO sensing on RPE in regulation.
TRIMP values attained herein were greater than the values
of university males in both regular season (95 ± 54AU) and
postseason (104 ± 68AU) competitions (36). This is likely the
result of far fewer players per team and increased active playing
time in small-sided 3-on-3.

Overtime
Despite similar total distance covered, players traveled lesser
distance at slow speed, and more distance at high-intensity speed
when MR with CHO was compared to PLA. Enhanced physical
performance with CHOMR inOT is further highlighted by faster
peak speeds and a greater number of sprints. Nonetheless, the
external loads depicted within CHO and PLA MR conditions
were both comparable to those reported in full-ice 3-on-3 OT by
National Hockey League (NHL) players (5). The current players

reached peak speeds (CHO MR: 24.6 ± 1.7 km·h−1, PLA MR:
23.7 ± 1.3 km·h−1) similar to NHL sprint speeds (24.5 ± 0.1
km·h−1), and actually traveled greater high-intensity distances
[CHOMR: 224± 77 m, PLAMR: 185± 66 m] than NHL skaters
[118± 17 m].

This is the first study to examine CHO MR in ice hockey,
which adds to the paucity of information regarding MR and
team sport performance. There are mixed findings within the
existing literature, which provide limited evidence that CHOMR
has small positive effects on speed and perceptions of fatigue in
field sport athletes (28–30). The present findings exhibit the most
favorable performance responses to CHO MR in intermittent
high-intensity sport to date. Moreover, these results demonstrate
that performance improvements observed in earlier hockey
research with ingestion of exogenous CHO, as compared to no-
fluid ingestion, may have been partially related to oral exposure
to CHO (15–17).

For over a decade, the existence of oral receptors that respond
to the energy content of CHO and increase the excitability
of reward, motivation, and motor control brain regions has
been known (21). Subsequent research demonstrated that oral
sensing of CHO manipulated efferent outputs during voluntary
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FIGURE 6 | Peak and average speeds of male high-level hockey players when mouth-rinsing with carbohydrate (CHO) or placebo (PLA) solution during one 12-min

overtime period of small-sided 3-on-3 ice hockey scrimmage. Data are mean (SD). #Signifcantly greater than other MR condition, same variable (p ≤ 0.05).

contraction and task-specific actions, revealing positive physical
responses to the perception of forthcoming energy (24, 25).
Thus, it is proposed that during ice hockey, CHO MR might
increase sensorimotor cortex activity and attenuate declines in
motor function and neural drive to contracting muscles that
are associated with fatigue, prolonging the quality of physical
performance relative to the PLA condition. Notably, brain and
sensorimotor responses to oral CHO exposure appeared to be
greatest when energy status is low, which might explain why
significant performance improvements in the present study were
not observed until OT (24, 25).

Despite greater external loads with CHO MR, internal loads
were not different between conditions. The absence of diverging
RPE values between CHO and PLA MR with the development
of physical fatigue opposes previous CHO-ingestion ice-hockey
research (15–17). However, this observation has been frequently
repeated in existing CHO MR exercise research (18–20). The
present findings along with others demonstrate that instead
of reducing perceptions of effort and fatigue, oral sensing of
CHO permits maintenance of these perceptions despite greater
work performed.

Practical Applications
Carbohydrate MR is a simple, minimally disruptive practice
that can be added to player nutrition and hydration regimes to

facilitate heightened physical performance in situations where
skaters are fatigued, such as OT. OT is a frequent occurrence
in high-level hockey and is used to decide a winner when
there is a tied score at the end of the three 20-min regulation
periods (42). Within OT, the game is ended and won by
the team that scores first. Most leagues have adopted a full-
ice 3-on-3 structure, which facilitates increased space per
skater and higher scoring chances. Therefore, the capacity to
maintain speed and high-intensity actions in OT would be
particularly advantageous.

This study demonstrated that CHO MR alone, without CHO
ingestion, can produce beneficial effects on physical performance
in hydrated male ice hockey players. Expectoration of MR
solutions may be a favorable practice to attain the benefits
of oral CHO exposure in athletes who prefer to consume
minimal to no CHO during training and competition due to
fear of experiencing gastrointestinal discomfort (47). However,
swallowing after MR may be a more realistic practice for athletes
in real-world competition. Beyond oral CHO exposure, drinking
a CES throughout high-intensity sport can help prevent or
alleviate the negative effects of dehydration by replenishing fluids
and electrolytes lost through sweat (8). Ideally, carbohydrate
supplementation practices should be customized based on
individual preferences and designed to meet the needs of
each athlete.
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Limitations and Future Directions
Strategic game-play in small-sided 3-on-3 scrimmage may have
varied from 5-on-5 competition, which possibly altered external
load variables (3, 5, 41). The smaller playing field may have
forced players to rely more on technical skills vs. skating
to generate offensive chances, and could have also prevented
athletes from achieving true maximum speed. Together these
factors may have reduced the distance and duration of high-
intensity actions. Future research should replicate standard
competition by including full-ice 5-on-5 play, followed by 3-on-3
OT, which could be shortened to 5min (5). Adjustments to player
work-to-rest ratios could further improve this protocol, as the
current shift length (2min) was longer than shifts in elite male
5-on-5 competition (30–80 s) (1–3, 5).

Though the present MR design was novel to ice hockey,
future trial parameters should expand to include combinations of
MR and ingestion. This would determine if previously observed
performance benefits with CHO ingestion were due to oral
exposure to CHO alone, or if there might be an additive effect
with MR and ingestion (15–17). Additionally, special attention
should be paid to nutritional control in forthcoming research, as
it is possible that the absence of pre-trial nutritional restrictions
in the present work may have impacted the findings herein.

Future research on ice hockey and MR would also benefit
from the inclusion of female participants. Currently, there is one
soccer MR study that included female participants (29), and a
small number of general hockey studies that characterized female
performance (38, 43). Therefore, a gap in the literature exists
pertaining to the use of performance-enhancing strategies in
female ice hockey players.

CONCLUSIONS

This is the first study to examine CHO MR in ice hockey,
and the only study to demonstrate multiple significant physical
performance enhancements with CHO MR in a team sport-
specific protocol. The positive effects of CHO MR on external
loads were most prevalent with considerable development of
fatigue. There were no effects in regulation, but in OT CHO
MR improved physical performance, with less distance traveled
at slow speed and increased distance traveled at high-intensity
speeds, higher peak speed, and a greater number of sprints
relative to PLAMR. It is proposed that these improvements were
potentially due to manipulation of motor function stemming
from alteration of central control through activation of oral
CHO receptors.

Despite greater external load in OT with CHO MR, there
were no differences in physiological or psychophysiological

measures of internal load between conditions. This suggests
that CHO MR allowed athletes to maintain perceptions
of effort while performing relatively higher workloads. In
conclusion, the results of this study indicate that CHO
MR may be a valuable practice in ice hockey to protect
against decrements in external load with increased playing
time, and further, offers an alternative performance-enhancing
solution for athletes who choose to avoid CHO ingestion
during competition. Nonetheless, future work with CHO
ingestion and MR trials would aid in understanding how
to optimally administer exogenous CHO to enhance ice
hockey performance.
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Professional football players are obligated to meet the physical demands and

maintain the best possible performance throughout the whole macrocycle.

It is important to assess the players’ nutrition knowledge, identify areas that

require increased nutrition awareness and identify the impact of knowledge

on changes in body composition as this can a�ect the players’ health and

performance. This study aimed to assess changes in the body composition

of professional football players during the macrocycle of the spring round of

the football championship and to identify the correlation between nutrition

knowledge and maintaining body composition. The study included 38 football

players. The players’ body compositions were analyzed 6 times during the

macrocycle consisting of preparatory, competitive, and transition periods

using the Direct Segmental Multi-Frequency Bioelectrical Impedance Analysis

method. Athletes completed the Nutrition for Sport Knowledge Questionnaire

to assess their nutrition knowledge. During the preparatory period, a

statistically significant negative correlation was demonstrated between the

players’ knowledge about the subsections of micronutrients in the diet and the

dispersion of the adipose percentage tissue content (r = −0.36, p = 0.03). In

the competitive period, there was a statistically significant negative correlation

between the players’ knowledge of sports nutrition and the dispersion of lean

body mass (r = −0.46, p = 0.004), and skeletal muscle mass (r = −0.36, p =

0.03). During the transition period, a statistically significant negative correlation

between the players’ knowledge of weight control and the dispersion of body

mass (r = −0.47, p = 0.00) and BMI values (r = −0.48, p = 0.00) was identified.

The player’s knowledge about the subsection of macronutrients significantly
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negatively correlated with the dispersion of skeletal muscle mass content (r

= −0.33, p = 0.05). Nutrition knowledge has an impact on the stability of

body composition during all analyzed periods: preparatory, competitive, and

transition periods.

KEYWORDS

body composition, nutrition knowledge, football, professional athletes,

anthropometry

Introduction

Football1 players are required to meet physical demands

and maintain top physical condition throughout the whole

macrocycle. For this reason, constant assessment of players’

physical condition plays a key role in the success of any team

(1). Anthropometric characteristics and body composition were

proven to have a significant impact on players’ performance (2–

4), and studies report changes in them over the course of the

football training periods (5, 6).

In football, depending on a calendar of competitions, the

preparation of players occurs in one-cycle, two-cycle, or three-

cycle models (7). The two-cycle model of the training process

takes into consideration competition in a spring and fall system.

One round constitutes a 6-month macrocycle, referred to as a

round. In one round, we distinguish three periods: preparatory,

competitive, and transition periods, individual periods of the

macrocycle are successive stages of managing the development

of the sport form (7, 8). The preparatory period is designed

to develop athletic prowess in preparation for the competitive

period (9). Training during this period is geared toward

rebuilding athletes’ physical fitness after the transition period

(10–12). The competitive period is difficult to plan because

training loads should be adjusted to maximize physiological

adaptations and, at the same time, to avoid overtraining and

injuries of players. This period consists in maximizing the result

of the sport during matches based on the players’ performance

and skills dispositions obtained during the preparatory period

(8, 13). The transition period is characterized by a complete

cessation or significant reduction of training. Athletes may be

engaged in recreational sporting activities or voluntary, non-

periodic training during this time (14). Cessation of physical

activity, the reduction in training, and the fitness level of the

players will modulate the kinetics of changes in body weight

and physiological functions (14–17). This period should be

regarded by athletes as an opportunity to recover before the

next season (18). There are few scientific research reports on

1 Football is used to describe association football, the sport most

commonly referred to in the English-speaking world as “football” or

“soccer”.

how the body composition is shaped during periods in the

football season (6, 19–22). It is extremely important to evaluate

body composition during the entire macrocycle (preparatory,

competitive, and transition periods) due to the differences in

training intensity, care of the coaching staff, amount of match

play, and amount of free time during each period. One training

macrocycle (spring round) was included in the study to analyse

each period (13, 20, 22).

One of the most common causes of inadequate diets

amongst athletes is poor nutrition knowledge derived from

inappropriate sources (23). To improve nutrition knowledge, it

is required to know the areas that are characterized by the lowest

nutritional awareness in the group of athletes and to identify

the correlation between them and body weight composition

(24). Poor knowledge of nutrition among professional football

players can lead to bad eating behaviors. This results in an energy

imbalance, weight gain or loss, decreased exercise performance,

or increased risk of injury and illness (25, 26). Therefore,

adequate nutrition knowledge and optimal body composition

are important for the athletic performance of professional

football players (26).

This study aimed to assess the body composition

of professional football players during the preparatory,

competitive, and transition periods and to identify the influence

of their nutrition knowledge on body composition modification.

Materials and methods

Study design

The research was conducted during the spring round of

the PKO BP Ekstraklasa football championship (the highest

league of football competitions in Poland) between 7 January

2021 and 23 July 2021. Participating athletes were players of

two Silesian football clubs belonging to PKO BP Ekstraklasa

2020/2021 (the highest league of football competitions in

Poland). The study was conducted with the approval of the

Bioethics Committee of the Silesian Medical University in

Katowice (PCN/0022/KB/68/I/20).

Body composition analyses were conducted in three periods

of the spring round (preparatory, competitive, and transition
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periods) of the PKO BP Ekstraklasa 2020/2021 football

championship. The days on which the analyses were conducted

were planned to take into account league and cup games,

ensuring adequate time for post-match regeneration.

All players’ nutritional knowledge of sports nutrition was

assessed in the study. Due to the presence of athletes in the study

group who did not speak Polish, nutritional consultations were

conducted in Polish or English.

The next step was to analyse the correlation of differences

between the maximum and minimum measurements of body

composition in the studied period and nutritional awareness.

The contribution of nutrition knowledge to the stability of body

composition (measured by the difference between maximum

and minimum measurements) during the three periods was

assessed (Figure 1). The following were taken into account:

• preparatory period (1–2 measurements)

• competitive period (2–5 measurements)

• transition period (5–6 measurements).

Participants

The study included 58 athletes aged 20–31. The participants

in the study were of different nationalities (36 Polish, six

Slovakian, three Spanish, three Portuguese, two Greek,

two Slovenian, one Czech, one Austrian, one Danish,

one Hungarian, one Ghanaian, and one Gambian). The

classification was made in terms of function on the field:

forward, midfielder, defender, and goalkeeper. Considering

the inclusion and exclusion criteria, 228 complete body

composition measurements were finally obtained from

38 athletes.

Inclusion criteria in the study were defined as follows:

professional training of football in the clubs included in the

study, giving consent to participate in the study, and no injury

requiring long-term treatment that would exclude players from

training and playing matches during the period of the study, i.e.,

7 months.

Exclusion criteria for the study included: not speaking Polish

or English at a communicative level, exclusion of players from

training and playing matches for at least consecutive 14 days

due to injury, illness, quarantine, or isolation related to COVID-

19 pandemic, transfer to another football club during the study

period, i.e., 7 January 2021 to 23 July 2021, absence from at

least one of the six measurements for a reason other than

the above.

The study included first-team players as well as reserve

players. However, in both clubs, players who did not play in

the championship match were obliged to participate in the

additional match to maintain the match rhythm. Therefore, the

players’ game loads may be comparable.

BMI

Height measurements were taken immediately before the

first body composition measurement, while body weight was

measured during the body composition analysis.

Height (cm) and body mass (kg) were measured to the

nearest 0.1 cm (SECA 756, Seca GmbH & Co. KG, Hamburg,

Deutschland) and 0.1 kg (InBody 770, InBody USA, California,

USA), respectively, with the subject wearing underwear and no

shoes. Body mass index (BMI) was calculated as body mass (kg)

divided by height (m) squared. The results formed the basis for

assessing height–weight ratios in relation to the standards of the

European population and WHO (World Health Organization)

recommendations (27).

Body composition analysis

Body composition was assessed using a DSM-BIA (Direct

Segmental Multi-Frequency Bioelectrical Impedance Analysis)

(InBody 770, InBody USA, California, USA). The DSM-BIA

technique is based on assumption that the human body is

composed of five interconnecting cylinders and takes direct

impedancemeasurements from the various body compartments.

A tetrapolar eight-point tactile electrode system is used, which

separately measures the impedance of the subject’s torso, arms,

and legs at six different frequencies (1, 5, 50, 250, 500,

and 1,000 kHz) for each of the body segment. The analyser

allows for obtaining a complete body composition in about

60 s. The device works with the use of a current of 80 uA

(28, 29). At the molecular level, total body water (TBW)

consists of fat mass (FM) and fat-free mass (FFM). Fat-

free mass is in turn divided into compartments: lean body

mass (LBM) and bone mineral mass (BMC). Lean body mass

(LBM) is the sum of body water, total protein, carbohydrates,

fat-free lipids, and soft tissue, excluding fat mass and bone

mineral mass.

Body composition parameters were obtained using the

Lookin’Body Software version 120.3.0.0.6. The measurements

were conducted according to a standard protocol as

recommended by the device manufacturer. Before each

testing session, the analyser was checked with a calibration

circuit of known impedance (resistance = 500.0Ω ; reactance =

0.1Ω ; 0.9% error). The participants were on an empty stomach

and did not consume alcohol or caffeine for at least 24 h before

the examination. The measurement was performed at a regular

time, after defecation, at least 24 h after the end of intensive

physical activity, without shoes and socks, in underwear, with

clean and dried feet and hands without applied cream and

lotion. The participants had to step on the foot electrodes

barefoot and maintain an evenly distributed weight on the

measurement platform while holding a pair of electrodes fixed

to the display unit. Then, the participants extended their arms

Frontiers inNutrition 03 frontiersin.org

24

https://doi.org/10.3389/fnut.2022.981894
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
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FIGURE 1

Procedure for the anthropometric measurements.

in front of the chest, maintaining a steady position until the

measurements were completed.

Recently, BIA technology has developed significantly,

allowing more accurate estimation of TBW, FFM, LBM,

FM, and other results. Dual-energy X-ray absorptiometry

(DEXA) is considered the reference method for assessing body

composition, but there are some limitations. DXA is not

portable, is expensive, and often requires training by a licensed

technician due to its low radiation exposure. Bioelectrical

impedance analysis has evolved to use multiple frequencies and

impedance measurements to improve the validity and reliability

of body composition estimates. Compared to other methods,

BIA is relatively simple, quick, and non-invasive. The DSM-

BIA method used in the InBody 770 compared to the reference

DEXA method is valid and reliable in populations of healthy

athletes who are clinically and physically inactive (30–33).

Nutrition knowledge

To assess the nutrition knowledge of the study group,

a survey method was applied using the Nutrition for Sport

Knowledge Questionnaire (NSKQ) (34, 35). Assessment of

the nutrition knowledge of the study group was carried out

using the original version of the questionnaire in English and

the Polish version. The NSKQ questionnaire developed by

Trakman et al. was validated using an eight-item methodology.

The researchers performed a reliability assessment using

PerSepIndex, a summary statistic created by RUMM2030, which

is analogous to Cronbach’s α. Both PerSepIndex and Cronbach’s

α is based on multiple split-half reliability assessments; ≥0.7 is

an accepted measure of internal reliability (35). The authors of

the questionnaire gave their consent for its use in the study.

For this study, a pilot study was conducted using the Polish

version of the questionnaire on a group of 30 people. The

pilot study was conducted to validate the Polish version of the

questionnaire and to check the accuracy and acceptability of

the questions included in it. The original version of the survey

instrument was translated into Polish by two independent

English translators. For both, their native language was Polish.

Based on the two translations, a Polish-language version of the

NSKQ questionnaire was created, then all the sentences of the

translation were discussed until the opinions were consistent.

These procedures resulted in a version that met the condition of

semantic consistency for each response. Two back-translations

were then created by other independent translators. These were

reviewed for consistency along with the original version by a

person whose native language is English. The next step was to

adapt the questionnaire, which maintained consistency in terms

of graphics (font, text size, distribution of questions and answers,

and amount of text per page) with the original version.

Cronbach’s α coefficient for sample normalization was 0.83,

indicating the high reliability of the questions. The pilot study

allowed to validate the questions included in the Polish language

questionnaire. The PerSepIndex coefficient for the actual part

of the study was estimated at 0.8, which is the same value

as the obtained Cronbach’s α coefficient in the pilot study

(34, 35). The questionnaire contained 87 questions divided

into six subsections: weight control (n = 12), macronutrients

(n = 30), micronutrients (n = 13), sports nutrition (n =

12), supplementation (n = 12), and alcohol (n = 8). Each

section in the questionnaire used is one-dimensional; therefore,

individual sections can be used independently to assess nutrition

knowledge in each area (36). The test time was 25min. One

point was awarded for each question answered correctly, and

the correct answer to all 87 questions resulted in a score of

100%. Nutrition knowledge was quantified using the scoring

established by Trakman et al. (34).

The questionnaire was expanded to include questions

about club membership, age, education, medical conditions,

medications taken, dietary advice, source of knowledge about

proper nutrition, preparation and type of meals consumed, and

adjustment of diet to physical activity. The questionnaire was
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completed between the 5th and 6th measurements under the

supervision of an interviewer during an individual consultation

to avoid incomplete answers.

Statistical analysis

The obtained data were developed using Statistica v.13.3

(Stat Soft Polska) and the R v. 4.0.0 package (2020) under the

GNUGPL license (The R Foundation for Statistical Computing).

To present quantitative data, mean values and standard

deviations were calculated - X ± S. For qualitative data,

percentage notation was used. Qualitative data were expressed as

numerical values determined by mathematical methods to make

statistical inferences.

Compliance with the normal distribution was checked using

the Shapiro-Wilk test. The evaluation of the significance of

differences between the means in groups due to the position

on the field (goalkeeper, defender, midfielder, and forward) was

made using the ANOVA analysis of variance.

For distributions deviating from the normal distribution,

their compliance for multiple groups was checked using the

Kruskal-Wallis test. For comparisons between the groups,

appropriate post-hoc tests were performed—Tukey’s HSD test

for parametric analysis and Dunn’s test for non-parametric

analysis. Calculations were made for the averaged measurement

over the entire period (expressed as the arithmetic mean

of the six measurements) and in relation to all individual

measurements taken.

To perform a comparative analysis for anthropometric

measurements taken at different times, an ANOVA analysis

of repeated measurements or a non-parametric Friedman

test was performed, depending on the compliance of the

distributions with the normal distribution. For comparisons

between the groups, appropriate post-hoc tests were

performed—the HSD Tukey test or the post-hoc test for

the Friedman test.

An analysis of the level of nutrition knowledge (poor,

average, good, and excellent) was also performed in groups,

taking into consideration the study group’s education

(elementary—vocational education and secondary—high

education), use of a dietitian (yes and no), and position on

the field (goalkeeper, defender, midfielder, and forward).

To assess the dependence, the χ2 test with variations

depending on the sample size or the Fischer test for nxm

tables was used.

Spearman’s R’ correlation coefficient with its significance

test was used in the correlation analysis of the averaged

anthropometric measurements obtained during the study

periods in relation to the results obtained in the nutrition

knowledge survey.

A value of p < 0.05 was used as a criterion for

statistical significance.
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Staśkiewicz et al. 10.3389/fnut.2022.981894

Results

A total of 228 body composition measurements

were obtained in six different measurements during the

spring round of the PKO BP Ekstraklasa 2020/2021

championship, constituting the complete research

material. The players were divided into groups according

to their function on the field: 5 (13.2%) goalkeepers,

12 (31.6%) defenders, 15 (39.5%) midfielders, and 6

(15.8%) forwards.

Taking education into account, the majority of the

respondents had secondary education (n = 25; 65.8%). The

rest declared elementary education (n = 8; 21.1%), vocational

education (n = 2; 5.3%), and higher education (n =

3; 7.9%).

The participants did not report any chronic diseases or

ongoing pharmacotherapy (except for one person taking

Fostex, a drug used to treat asthma, containing two active

substances: beclometasone dipropionate and formoterol

fumarate dihydrate).

Physical characteristics and body
composition

The age, physical characteristics (height, body mass, and

BMI), and body composition variables (fat-free mass, skeletal

muscle mass, and fat mass) in relation to positions on the field

are shown in Table 1.

During the measurements, statistically significant

differences were found in the prevalence of overweight

expressed by BMI. The highest number of athletes with a BMI

classified as overweight was found at the 6th measurement,

which took place after the end of the transition period, while

the lowest number was found at the 1st measurement, which

took place at the beginning of the preparatory period, and at the

3rd measurement at the beginning of the competitive period

(Figure 2).

Statistically significant differences between players

performing different functions on the field were found in

body mass and BMI measurements. Statistically significantly

lower values of analyzed parameters concerned midfielders

(p < 0.05). In addition, a statistically significant increase in

their body mass and BMI values between the 5th and 6th

measurements was found (p < 0.05). The details are shown in

Figure 3.

Statistically significant differences in lean body mass and

skeletal muscle mass were found in midfielders, they were

characterized by lower content of the above-mentioned body

mass components (p < 0.05).

An increase in lean body mass content was shown in this

group between the 1st and 2nd measurements (p < 0.01). The

midfielders and defenders groups showed statistically significant

increases in skeletal muscle mass content between the 1st and

2nd as well as the 1st and 6th measurements (p< 0.05; p< 0.01).

There were statistically significant increases in the percentage of

body fat between the 1st and 6th, the 2nd and 6th, the 3rd and

6th, and the 3rd and 5th measurements in the midfielders group

(p < 0.05) as well as between the 2nd and 6th measurement in

the defender’s group (p < 0.05). Statistically significant increases

in fat mass were shown between the 2nd and 6th, the 3rd

and 6th, and the 3rd and 5th measurements in the midfielders

group and between the 2nd and 6th measurements in the

defenders group (p < 0.05; p < 0.05). The details are shown

in Figure 4.

Nutrition knowledge

The study groups’ knowledge of nutrition was significantly

obtained from professional sources. The majority (71%; N =

27) of participants received advice from a dietitian, and 44.7%

(N = 17) of the players at the time of the study. Dietary advice

was the primary source of knowledge in this area for 60.5% (N

= 23). A small group (N = 12) of the respondents obtained

nutrition knowledge from a coach, as many as 71.1% (N = 27)

from the Internet, and 34.2% (N = 13) from other people. In

a question about where meals were eaten, 60.5% (N = 23) of

the respondents declared eating at home, while 33.3% (N = 12)

used catering services. Almost half of the athletes prepared their

meals (44.7%; N = 17), and all players confirmed the adaptation

of nutrition to their needs and considered their nutrition to

be healthy.

Figure 5 shows the average scores and nutrition knowledge

divided by categories. On average, the athletes obtained 51.49%

of correct answers and their nutrition knowledge was assessed

as average. The nutrition knowledge of the studied players

regarding micronutrients in the diet, and supplementation was

at a poor level, while the nutrition knowledge regarding body

weight control, macronutrients in the diet, sports nutrition, and

alcohol consumption was at an average level.

Figure 6 shows the percentage distribution of nutritional

knowledge of the athletes from each sub-section.

Nutrition knowledge was also verified by taking into account

the age of the participants. There was no statistically significant

difference in the knowledge in relation to age (p > 0.05).

The analysis of nutrition knowledge with regard to the

players’ level of education was performed similarly. Only in the

case of the knowledge of body weight control (p = 0.03) and

sports nutrition (p = 0.03), a higher level of knowledge was

found amongst athletes with secondary or higher education.

There was no statistically significant variation in

nutrition knowledge amongst athletes under the care of a

dietitian (p > 0.05).
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FIGURE 2

Change in nutritional status of football players assessed by BMI (n = 38).

FIGURE 3

Changes in body mass, and BMI of football players during the spring round of the 2020/2021 football season (average values); *significantly
di�erent from (p < 0.05).
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FIGURE 4

Changes in body composition of football players during the spring round of the 2020/2021 football season (average values); *significantly
di�erent from (p < 0.05).

Changes in body composition with
regard to nutrition knowledge

During the preparatory period, there was a statistically

significant negative correlation between knowledge from the

subsection of micronutrient content in the diet and the

dispersion of body fat content (%) (r =−0.36).

In the competitive period, there was a statistically

significant negative correlation between knowledge from

the subsection of sports nutrition and the dispersion of lean

body mass (kg) (r = −0.46), and skeletal muscle mass (kg) (r

=−0.36).

During the transition period, a statistically significant

negative correlation between knowledge from the subsection
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FIGURE 5

NSKQ scores in football players (n = 38). Mean and minimum and maximum percentages are indicated.

FIGURE 6

Nutrition knowledge of the football players participating in the study (n=38).
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of weight control and the dispersion of body mass (kg) (r =

−0.47) and BMI values (kg/m2) (r = −0.48) was identified.

Knowledge of the macronutrient subsection is significantly

negatively correlated with the dispersion of skeletal muscle

mass content (kg) (r = −0.33). The results of the analyses are

presented in Table 2.

Discussion

Scientific research focuses on the contribution of variables,

such as age, sex, eating habits, and training load to maintain

the optimal body weight composition of athletes (37, 38). There

are few reports indicating how the body composition is shaped

during the football periods (6, 19–22).

The changes in body composition are determined by a

properly designed training programme and proper nutrition.

The training process is planned by the club’s training staff, it is

adjusted to the possibilities and goals of the team and modified

according to individual players’ preferences. The coaches,

assistants, and physical trainers supervise the correctness of

the individual exercises during training, while the activity and

participation in games are verified by the coaching staff. Proper

nutrition is a highly important aspect of body composition

control. Dietitians working in a football club do not usually

have regular contact with players, their consultations being

limited to occasional meetings. There are about 30 players on

the team, and nutrition education for each of them is time-

consuming; moreover, the tasks of a dietitian include other

responsibilities, e.g., preparing a menu for training camps or

assessing of nutritional status of players. Due to the limited

contact between the dietitian and the players and the fact that

most of the players’ meals are consumed outside the club, it is

important to assess the players’ nutrition knowledge, identify

areas that require increased nutrition awareness, and identify the

impact of knowledge on changes in body composition during

the periods.

Players in various positions on the field have different

anthropometric and performance characteristics. Goalkeepers

and defenders are usually characterized by higher height and

weight than other players (39). Defenders are characterized

by higher height and weight compared to midfielders and

forwards. Midfielders represent the lowest group of players

with the lowest weight (40). The variation in absolute

values of lean body mass between players with different

roles may be due to differences in body size rather than

body composition, so it is important to consider relative

values when comparing the body composition of football

players (40). Differences between players’ body composition

are due to the different physiological and metabolic

demands of playing football depending on the function on

the field (41–43).

In the current research, during the preparatory period, the

number of players with a BMI value diagnosed as overweight

increased from 13.2% (N = 5) at the beginning to 21.1% (N =

8) at the end of this period. Analyzing the percentage of body fat

over the same period, it was shown that the number of players

with a percentage of body fat below the norm has increased.

At the beginning of the preparatory period, 51.4% (N = 20)

of the players had below-normal body fat percentage, while at

the end of the preparatory period is applied to 62.2% (N = 24)

of the respondents. The above-mentioned results confirm that

the BMI is not a suitable tool for assessing the body weight

of professional athletes, and it is not an appropriate tool for

monitoring changes that occur in body weight composition

during the preparatory period.

Analyzing the body compositions of the players, an increase

in the skeletal muscle mass content was shown on average from

40.95± 3.48 kg to 41.3± 3.53 kg during the preparatory period.

The increase in the content of skeletal muscle mass during this

period resulted in a misinterpretation of the BMI index. This

study’s results do not confirm a significant reduction in the

content of adipose tissue in the analyzed period. Results from

other studies describe fat reduction with a concomitant increase

in lean body mass during the preparation period (20, 44).

Analyzing the authors’ own research on the preparatory

period, with regards to players’ position on the field, a significant

increase in lean body mass in the defender’s group was shown

from 73.94 ± 4.67 kg to 74.93 ± 4.16 kg and skeletal muscle

mass from 42.63 ± 2.79 kg to 43.27 ± 2.53 kg. Moreover, in the

midfielders group, skeletal muscle content increased from 38.96

± 3.42 kg to 39.2± 3.39 kg.

The preparatory period is followed by the competitive

period. Professional football players should adapt their nutrition

to the training loads occurring during this period, thus ensuring

proper body composition throughout the competitive period

(14, 45). In the current study, evaluating the BMI index showed

a variable number of overweight athletes over the competitive

period. Before the competitive period, 21.1% (N = 8) of the

athletes were overweight, at the beginning of this period the

lowest number of over-weight players was found, only 13.3%

(N = 5), then this value slightly increased to 15.8% (N = 6)

in the middle of the period and remained until the end of the

period. When analyzing body fat percentage before the start

of the competitive period, 62.2% (N = 24) of the athletes had

below normative body fat percentage, it was the highest number

of athletes amongst all measurements. At the beginning of the

competitive period, the number of athletes with a below-normal

body fat percentage decreased slightly and reached 62.2% (N

= 24) again by the middle of the competitive period. During

the 5th measurement, which was taken at the end of the

competitive period, 54.1% (N = 21) of the athletes had a below-

normal body fat percentage. Similar to the preparatory period,

BMI misrepresented changes in body composition during the

competitive period in professional athletes. Analysis of body
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TABLE 2 The strength of correlation of di�erences between maximum and minimum body composition measurements and scores on the nutrition knowledge assessment expressed by Spearman’s R’

correlation coe�cient.

Variable Nutrition knowledge

sub–section

Weight management

0–12 points

Macronutrients

0–30 points

Micronutrients

0–13 points

Sport nutrition

0–12 points

Supplements

0–12 points

Alcohol 0–8

points

Total 0–87

points

Preparatory period Body mass (kg) r =−0.14

p= 0.42

r = 0.08

p= 0.65

r =−0.09

p= 0.60

r =−0.18

p= 0.28

r = 0.01

p= 0.94

r =−0.19

p= 0.26

r =−0.11

p= 0.52

BMI (kg/m2) r =−0.06

p= 0.72

r = 0.06

p= 0.73

r =−0.12

p= 0.46

r =−0.15

p= 0.38

r = 0.04

p= 0.80

r =−0.20

p= 0.23

r =−0.10

p= 0.55

LBM (kg) r =−0.06

p= 0.72

r = 0.19

p= 0.25

r = 0.01

p= 0.94

r = 0.14

p= 0.41

r = 0.04

p= 0.82

r =−0.28

p= 0.09

r = 0.11

p= 0.52

SSM (kg) r = 0.16

p= 0.34

r = 0.18

p= 0.29

r =−0.03

p= 0.86

r = 0.20

p= 0.23

r = 0.11

p= 0.49

r =−0.20

p= 0.22

r = 0.18

p= 0.28

%BF r = 0.24

p= 0.15

r =−0.08

p= 0.65

r = −0.36

p = 0.03*

r = 0.00

p= 0.99

r = 0.11

p= 0.51

r =−0.17

p= 0.30

r =−0.11

p= 0.53

FM (kg) r = 0.19

p= 0.25

r =−0.01

p= 0.94

r =−0.24

p= 0.14

r =−0.03

p= 0.84

r = 0.22

p= 0.19

r =−0.16

p= 0.35

r =−0.03

p= 0.85

Competitive season Body mass (kg) r =−0.01

p= 0.94

r = 0.00

p= 0.99

r = 0.19

p= 0.26

r =−0.12

p= 0.49

r =−0.06

p= 0.72
r =−0.13

p= 0.42

r = 0.02

p= 0.91

BMI (kg/m2) r = 0.01

p= 0.95

r =−0.01

p= 0.96

r = 0.18

p= 0.27

r =−0.10

p= 0.55

r =−0.06

p= 0.72

r =−0.13

p= 0.45

r = 0.02

p= 0.90

LBM (kg) r =−0.17

p= 0.31

r =−0.05

p= 0.79

r = 0.13

p= 0.43

r = −0.46

p = 0.004*

r =−0.13

p= 0.43

r =−0.23

p= 0.16

r =−0.20

p= 0.23

SSM (kg) r =−0.13

p= 0.45

r =−0.13

p= 0.45

r = 0.06

p= 0.73

r = −0.36

p = 0.03*

r =−0.13

p= 0.45

r =−0.28

p= 0.08

r =−0.22

p= 0.19

%BF r =−0.11

p= 0.49

r =−0.06

p= 0.73

r = 0.03

p= 0.88

r =−0.11

p= 0.50

r =−0.24

p= 0.15

r =−0.17

p= 0.32

r =−0.12

p= 0.46

FM (kg) r =−0.09

p= 0.6

r =−0.04

p= 0.82

r = 0.08

p= 0.61

r =−0.08

p= 0.65

r =−0.20

p= 0.22

r =−0.08

p= 0.63

r =−0.06

p= 0.70

Transition period Body mass (kg)

r = −0.47

p = 0.00***

r =−0.26

p= 0.11

r =−0.09

p= 0.60

r =−0.08

p= 0.63

r = 0.12

p= 0.46

r = 0.21

p= 0.22

r =−0.16

p= 0.32

BMI (kg/m2) r = −0.48

p = 0.00***

r =−0.28

p= 0.09

r =−0.10

p= 0.56

r =−0.08

p= 0.65

r = 0.13

p= 0.45

r = 0.19

p= 0.25

r =−0.17

p= 0.29

LBM (kg) r =−0.17

p= 0.31

r = 0.07

p= 0.67

r = 0.30

p= 0.07

r = 0.04

p= 0.80

r = 0.00

p= 1.00

r = 0.15

p= 0.38

r = 0.17

p= 0.29

(Continued)
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composition during the competitive period in current research

showed a decrease in lean body mass from 71.68 ± 5.85 kg to

71.14 ± 5.93 kg and an increase in body fat from 9.76 ± 2.57%

to 10.32± 2.77%.

In the available literature, researchers have obtained

inconclusive results regarding changes in body composition

during the competitive period. In a study by Carling et al.,

lean body mass increased during this period, while fat

content decreased (46). In the study by Kultu et al. (47) a

reduction in lean body mass and a reduction in body fat were

verified. Devlin et al. obtained results consistent with their

own, lean body mass was reduced while body fat increased

during the competitive period (48). During the preparatory

period, training programmes include general training and high-

intensity conditioning training, while a significant number of

training sessions during the competitive period are related

to game tactics, ball possession, and set pieces, which are

characterized by less strain. These results suggest that match

effort alone is insufficient as an incentive to maintain a

consistent body weight of a player (48).

The transition period is characterized by complete cessation

or significant reduction of training. Increased body mass

resulting from an inappropriate diet affects the performance

and efficiency of an athlete. Reduced muscle mass due to

lack of training stimulus may result in decreased strength and

endurance and thus an increased risk of injury when numerous

intensive training units are reintroduced during the preparatory

period (14). During the transition period in current research,

the number of athletes with a BMI interpreted as overweight

increased at the end of the transition period. 26.3% (N = 10)

of the players were overweight, according to the interpretation

of BMI. When analyzing body fat percentage, it was found that

most athletes (N = 21) had normative body fat at the end of

the transition period amongst all measurements analyzed. The

transition period is the only period in the analyzed macrocycle

when differences in body fat percentage are reflected by the

BMI value. It is related to the limitation of physical activity and

changes in the composition of the body weight typical of people

with low physical activity. This study showed an increase in

body weight in the transition period from an average of 79.27

± 7.44 kg to 80.13 ± 7.47 kg. Similar results apply to the BMI

values, which increased from an average of 23.74 ± 1.27 to

24 ± 1.26. Body composition analysis showed a reduction in

lean body mass during the transition period and an increase in

body fat percentage and body fat mass between the 4th and 6th

measurements, i.e., from the second half of the athletic period to

the end of the transition period. A study by Reinke et al. showed

a reduction in body weight, lean body mass and an increase in

body fat in the football players participating in the study (49).

Ostojic et al. (50) results are in line with our own.

The authors’ study also assessed the nutrition knowledge

of professional football athletes; the NSKQ questionnaire was

used for the assessment. This study showed that the use of this
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questionnaire in team sports athletes can be an important tool

for screening athletes, requiring additional educational support

(34). The athletes in the current study obtained an average

of 51.49% of correct answers, and their nutritional awareness

was rated as average. The athletes’ nutrition knowledge of

micronutrients and supplementation was at a poor level, while

their nutrition knowledge of weight control, macronutrients,

sports nutrition, and alcohol was at an average level.

The NSKQ questionnaire has been used to assess athletes’

nutritional awareness by other researchers. A study by Jenner

et al. (51) assessed the nutrition knowledge of 46 Australian

professional football players. On average, the players obtained

46% of correct answers, and the overall nutrition knowledge

of the study group was poor (51). O’Brien et al. analyzed the

nutritional awareness of Gaelic football players. On average,

the athletes obtained 47.6% of correct answers, and their

knowledge was rated as poor (52). A study by Jagim et al.

(53) analyzed body composition, nutrition knowledge, and

ability to estimate macronutrient and energy requirements of

67 university athletes, including football players. The athletes

answered 47.9% of the questions correctly on average, and

the knowledge of the study group was rated as poor. In

addition, the athletes did not correctly estimate energy and

carbohydrate requirements according to their needs. In the

above-mentioned study, it was established that the athletes with

higher knowledge of the subsection of sports nutrition had lower

body fat percentage and body fat mass. Accordingly, athletes

with higher levels of sports nutrition knowledge may be better

able to adjust macronutrient and energy requirements, thus

maintaining desired body composition (53).

In the final stage of the author’s study, the contribution of

athletes’ nutrition knowledge to the maintenance of constant

body composition parameters during the preparatory,

competitive, and transition periods was determined.

The relationship between nutrition knowledge and body

composition stability was demonstrated during the competitive

period. Higher knowledge of the subsection of sports nutrition

corresponded to lower dispersion of lean body mass content

(p = 0.004), and skeletal muscle mass (p = 0.03). The above

correlations suggest that athletes with higher nutritional

awareness regarding sports nutrition during the competitive

period are characterized by less muscle mass loss. During the

competitive period, the body composition of the players is

disintegrated, the muscle mass is reduced, while the fat tissue

content increases, which is a highly unfavorable phenomenon

due to the exercise capacity and sport form of athletes. Higher

nutritional awareness in individual categories of nutrition

knowledge results in the reduction of negative changes in

the composition of the body weight during the competitive

period. Correlations between nutrition knowledge and body

composition stability were demonstrated during the transition

period. Higher nutritional awareness of athletes from the weight

control subsection corresponded to lower dispersion of body

mass (p = 0.00) and BMI values (p = 0.00). Higher nutrition

knowledge on macronutrients was associated with lower

dispersion of skeletal muscle mass content (p = 0.05), while

higher alcohol awareness was associated with lower dispersion

of body fat percentage (p = 0.00). The described relationships

prove that players with higher nutritional awareness of

weight control are characterized by a lower increase in body

weight and BMI value during the transition period. Athletes

who are more knowledgeable about macronutrients in their

diets are characterized by lower reductions in muscle mass and

footballers with higher awareness of alcohol consumption—with

a lower increase in body fat percentage.

The results of this study suggest that football players with

higher nutritional knowledge are able to better manage body

composition. During the preparatory period, they have better

results regarding increasing lean body mass and reducing body

fat, which has a positive effect on exercise capacity. During

the competitive period, they are characterized by a smaller

reduction in lean body mass, which can consequently contribute

to a reduced risk of injury. In the transition period, they are

characterized by a smaller increase in body mass and better

maintain a constant body composition, which affects a quicker

return to top athletic form after a period of reduced training

intensity. The above results indicate the relevance of the level

of nutritional knowledge in football players. Improving the

nutrition knowledge of professional football playersmay provide

benefits in terms of better management and maintenance of

body composition during particular periods of the macrocycle.

No studies were found in the available literature on this issue, so

it may be of comparable value.

Strengths and limitations

The strengths of the study include the fact that despite

the popularity of football, there are still few scientific studies

analyzing changes in football players’ body weight throughout

the entire training macrocycle. Typically, body weight

composition is assessed over the preparatory, competitive,

or transition period, as well as individual measurements,

are analyzed, as evidenced by the discussion of the results.

Furthermore, in many reports, the study group consists

of amateur or semi-professional football players whose

training intensity and frequency, match requirements, daily

physical activity, as well as salary are different from those of

professional players. This study analyzed the results obtained

from professional football players of the highest football league

in Poland. Assessing the nutrition knowledge of football

players is essential to orient education based on the athletes’

knowledge insufficiency. Moreover, it can also be useful

for screening assessments to identify players who require

additional educational support. In the current research, a

standardized questionnaire was used for this purpose, which,
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due to its structure, allows the targeting of educational activities.

The results described can provide comparative value with

professional athletes practicing other sports. The bibliometric

analysis of GoogleScholar indicates that this is the first study

analyzing the correlation between nutrition knowledge and

changes in body composition in football players (as of 14

May 2022).

One of the limitations of the conducted research is the size

of the study group. However, it should be emphasized that many

exclusion criteria were defined, one of which was the 14-day

exclusion from training related to quarantine or isolation due

to COVID-19, which was common in the 2020/2021 football

season. The study included players from two football clubs, and

the limitation of the study is the lack of representativeness of

players from other clubs and other sports disciplines. It is worth

emphasizing, however, that each discipline is characterized by

a different training macrocycle and a different intensity of

matches, which may pose a problem in comparing them reliably.

However, it is worth considering such an attempt and such

studies are planned by the authors. A control group of non-

football players was not included in the study because the type

of questions asked would not allow comparisons to be made

between such groups.

However, it should be highlighted that prediction equations

based on BIA are instrument-dependent, and instrument

sensitivities are variable. Therefore, comparisons cannot be

made between studies that measure bioimpedance using

different technologies (e.g., foot-to-hand or direct segmental

measurement in the standing position) or sampling rates.

However, it should be pointed out that the authors made every

effort to minimize the systematic error in the study (54, 55).

Conclusion

Based on the results obtained, changes in the composition

of the body weight of players were found, regardless of their

function on the field in the preparatory, competitive, and

transition periods of the PKO BP Ekstraklasa 2020/2021 spring

round and their nutrition knowledge was average, according to

the adopted classification. BMI did not allow the identification

of changes in the composition of the mass (lean and adipose

tissue). The applied BIA method more accurately reflected

the changes in the body composition of the players in the

analyzed periods. The body composition of the athletes, taking

into account the spring season periods, underwent significant

modifications. During the preparatory period, the mass of

skeletal muscles increased, but the mass of fat tissue was

stable. During the competitive period, the lean body mass

decreased, but the content of fat tissue increased. During the

transition period, the content of fat tissue increased in the study

group. Correlations were found between elements of nutrition

knowledge of athletes and stability of their body composition

during all analyzed periods: preparatory, competitive, and

transition periods.
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Turmeric supplementation 
improves markers of recovery in 
elite male footballers: a pilot study
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Football match-play causes muscle damage and provokes an inflammatory 
response. Rapid recovery is paramount to optimising subsequent performance 
and reducing injury risk. Turmeric contains high concentrations of curcumin, a 
polyphenol that has been shown to reduce muscle damage and soreness post-
exercise in recreational exercisers. However, it is unknown whether a curcumin-
containing supplement can support elite footballers recovery between matches. 
This applied study explored whether a turmeric supplement could improve 
performance, subjective and physiological markers of recovery, in elite male 
footballers. Twenty-four elite male footballers divided into a turmeric group, 
who consumed 60 mL of a turmeric drink twice per day, or a control group 
who did not. After 96 h of rest, baseline measurements of subjective soreness 
(leg and whole-body), plasma creatine kinase ([CK]), plasma C-reactive protein 
([CRP]), isometric mid-thigh pull (IMTP) and counter movement jump (CMJ), were 
collected. Following eight competitive matches, subjective leg and whole-body 
soreness and plasma concentrations of inflammation markers ([CK] and [CRP]) 
were assessed immediately (0 h), 40 and 64 h post-match. Performance markers 
(IMTP and CMJ) were also assessed at 40 and 64 h post-match. Percentage 
change from baseline showed a main effect of group (p = 0.035, p = 0.005) and 
time (p = 0.002, p = 0.002) for both leg and whole-body soreness, respectively. 
There was a group by time interaction effect (p = 0.049) for [CRP]. There were 
no effects of turmeric on [CK], CMJ or IMTP. This applied study is the first in elite 
footballers to show that a curcumin-containing supplementation may attenuate 
a biomarker of inflammation [CRP] and soreness post-match play.
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Introduction

Prolonged, high-intensity exercise causes muscle damage and produces reactive oxygen 
species, provoking an inflammatory response and altering cell function (1). Whilst inflammation 
is a necessary part of the tissue repair process (1), this often leads to muscular discomfort and a 
subsequent reduction in the ability to generate force (2). Following muscle damaging exercise, 
limitations of the endogenous antioxidant system to remove free-radicals delays recovery and 
reduces subsequent exercise performance in a time-course manner often referred to as delayed 
onset of muscle soreness (DOMS) (2).
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Professional footballers in the UK are subject to a high number of 
competitive matches (>50 per season) and often short intervals 
between matches (48–72 h), which curtails recovery time and 
increases the risk of injury or sub-optimal performance (3). Football 
match-play is known to cause a significant increase in muscle damage 
and soreness up to 72 h post-match (4, 5), likely due to the high 
magnitude eccentric muscle loading (6). Professional footballers often 
use non-steroidal anti-inflammatory drugs (NSAIDs) to alleviate 
DOMS and restore muscle function (7). However, concerns about the 
long-term use of NSAIDs and reported side effects, such as reduced 
muscle regeneration (7), and gastrointestinal problems (8) necessitates 
the need for alternative solutions (7).

Supplementation of certain dietary compounds may aid recovery 
by reducing inflammation, alleviating DOMS and restoring muscle 
function (9). Curcumin, a natural polyphenol found in high 
concentrations in turmeric, has anti-inflammatory, antioxidant, and 
analgesic properties, making it a candidate to accelerate post-exercise 
recovery. Laboratory-based studies of cycling, running and eccentric 
loading protocols (e.g., downhill running, eccentric resistance 
exercises), have shown that curcumin supplementation before and 
after an exercise period can reduce subjective soreness (10, 11), 
attenuate haematological inflammatory markers (11), and improve 
subsequent exercise performance (12, 13). However, there is an 
absence of applied studies in elite cohorts, likely due, in part, to 
challenges associated with conducting research in elite cohorts. One 
study, in elite rugby players, found that curcumin attenuated muscle 
damage and limited loss of muscle function after a muscle damaging 
protocol (12), while one other study in youth team male footballers 
found that curcumin attenuated DOMS and loss of muscle function 
after match-play (14). However, no study has explored whether a 
curcumin supplement can accelerate recovery from match-play in 
elite-level footballers. Elite sport is unique in terms of the playing 
intensity and specific contextual factors such as athlete skill level, 
psychological pressure and playing environment (crowd, score line, 
etc.), which make it hard to replicate in laboratory-based studies and/
or with non-elite participants (15).

Whilst early findings are encouraging (15), whether curcumin can 
accelerate recovery and more rapidly restore muscle function in elite 
athletes is not well known. The aim of this study was to assesses if 
regular turmeric supplementation could accelerate markers of 
recovery, including, haematological inflammatory markers, subjective 
soreness, and performance, in elite male footballers following match-
play. Participants consumed a commercially available turmeric 
supplement, formulated to contain 35 g of raw turmeric root with an 
estimated curcumin content of 1,400 mg (16), twice a day throughout 
the course of the study.

Methods

Participants

Twenty-four elite [Tier 4; (17)] male professional footballers (with 
7.5 ± 3.7y experience as a professional footballer and undertaking 3–4 
training sessions per week), competing in the English third tier during 
the 2020/21 season, volunteered to participate in the study. To qualify 
for enrolment, participants were required to be outfield players with 
no history of cardiovascular or gastrointestinal complaint and were 

not regularly consuming any supplements containing turmeric or 
curcumin. All participants provided written consent after they were 
informed verbally and in writing of the nature and requirements of 
the study. The study was approved by the Nottingham Trent University 
Human Invasive Ethics Committee (REF: 716).

Study design and measures

The study adopted a between-groups design. Baseline measures of 
subjective soreness (whole-body and leg-specific), performance 
[counter movement jump (CMJ) and isometric mid-thigh pull 
(IMTP)] and concentration of haematological markers of 
inflammation [C-reactive protein ([CRP]) and creatine kinase ([CK]) 
were collected after 96 h of rest. Following this, participants self-
selected to a supplementation or control group. The supplementation 
group (n = 16; Age = 26 ± 3 y; Height = 1.83 ± 0.06 m; Mass = 80.2 ± 
5.0 kg) consumed two 60 mL drinks per day (Raw Turmeric Original 
Shot, The Turmeric Co., UK)], each containing 35 g of raw turmeric 
root (estimated to contain 1,400 mg curcumin) and 200 mg of black 
pepper (estimated to contain 10 mg of piperine), throughout the 
course of the study. Compliance with the supplementation was 
verbally confirmed by participants prior to each match. The control 
group (n = 8, Age = 25 ± 4 y; Height = 1.82 ± 0.07 m; Mass = 79.5 ± 6.3 kg) 
were not provided with the supplement and were asked to avoid 
turmeric-containing supplements during the study. Participants were 
monitored during eight competitive matches taking place between 
October 2021 and April 2022 using Global Positing System (Vector, 
Catapult, Australia) for commonly used physical performance 
measures (total distance, high speed distance, accelerations, 
deceleration). There were no differences in GPS derived physical 
performance measures between the turmeric group and the control 
group (all p values <0.29; for data see Supplementary File 1). 
Participants were assessed immediately after each match for measures 
of subjective soreness and inflammation, and these were assessed 
again, along with performance measures, 40 h and 64 h following 
each match.

Procedures

Capillary blood samples (300 μL) were collected into EDTA 
collection tubes (Microvette, Sarstedt, Germany). Post-match samples 
were collected where the match took place, with follow-up samples 
collected on arrival at the training facility. Samples were stored on ice 
after collection (maximum of 30 min) before being centrifuged 
(13,000 g, 10 min, 4°C), and the resulting plasma being stored at 
−80°C. Plasma samples were analysed for [CK] and [CRP] using an 
ABX Pentra 400 (Horiba Medical, Kyoto, Japan; CV: 3.2%).

Subjective whole-body and leg-specific soreness were assessed on 
100 mm visual analogue scales, anchored at 0 mm with ‘no pain’ and 
100 mm with ‘as much pain as it could be’ (4, 18). Participants were 
asked to apply a mark on the line to indicate their level of soreness, 
which was then quantified with a ruler.

CMJ was assessed by participants standing in an upright position 
with their hands on their hips, squatting to their preferred depth, 
before jumping as high as possible whilst standing on a force plate 
(Hawkin Dynamics, ME, United States). Jump height was calculated 
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using the following equation: Jump Height = Take Off Velocity2/2 x 
Gravity (Moir 2008). CMJs have been shown to be reliable [ICCs 
0.96–0.97; (19)]. Participants prepared with an individualised 
warm-up followed by three jumps, with the highest jump recorded 
and used in subsequent analysis. Verbal encouragement was provided 
by the investigators for each jump.

The IMTP test was performed on two force platforms sampling at 
1000 HZ (Hawkin Dynamics, ME, United States) and a test rack. The 
IMTP has been shown to be a reliable test [ICCs 0.89–0.98 (20)]. 
Participants used a standardised overhand grip while secured to the 
barbell with lifting straps to eliminate the influence of grip strength. 
Warm-up trials were performed prior to completing three maximal 
lifts of 3 s per lift. Verbal encouragement was provided by the 
investigators for each lift. Peak force and percentage change in peak 
force were used for the statistical analysis.

GPS

The physical demands for match-play were monitored using a 
10 Hz GPS (Vector, Catapult, Australia). This system has been valid 
and reliable to assess athlete movements (21). Each player wore a 
bespoke garment containing a GPS unit positioned between the 
shoulder blades. Post-session, each GPS unit was downloaded and 
analysed using commercially available software (Viper, STATSports, 
Ireland). The physical performance variables assessed included: total 
distance covered (m), high speed (>5.5 m/s) distance covered (m), 
very high speed (>7.0 m/s) distance covered (m), number of 
accelerations above 0.5 m/s2 for >0.5 s, and number of decelerations 
below −0.5 m/s2 for >0.5 s (Supplementary Table 1).

Statistical analysis

Two-way repeated measures analysis of variance (ANOVA) were 
conducted on each recovery marker with percentage change from 
baseline serving as the dependent variable and time and 
supplementation group as the independent variables. Where 
appropriate, significant main effects were followed-up with 
Bonferroni-corrected post-hoc tests. Statistical significance was 

accepted at the 95% confidence level (p < 0.05). Mean and standard 
error were used to describe the average and variability of data, unless 
stated otherwise. Partial eta squared statistics were used to indicate 
effect sizes and were interpreted as small (0.01–0.05), medium (0.06–
0.13), and large (≥0.14) (22). Analyses were conducted using IBM 
SPSS Statistics (v.28).

Results

Markers of inflammation

There was no main effect of time (p = 0.08, η2
p = 0.034) or group 

(p = 0.13, η2
p = 0.015) for percentage change in plasma [CRP] but 

there was a significant group by time interaction (p = 0.049, 
η2

p = 0.040; see Figure  1A). At 64 h post-match, [CRP] was 
1,082 ± 447% lower in the turmeric group compared to the control 
group (p = 0.017). There was no main effect of time (p = 0.64, 
η2

p = 0.005) or group (p = 0.23, η2
p = 0.008), and no group by time 

interaction (p = 0.56, η2
p = 0.006) for percentage change in plasma 

[CK] (see Figure 1B).

Subjective markers of soreness

The percentage change in leg soreness was 77 ± 36% lower overall 
in the turmeric group compared to the control group (p = 0.035, 
η2

p = 0.022). There was also a main effect of time (p = 0.002, η2
p = 0.06), 

for percentage change in leg soreness where post-hoc analysis revealed 
that leg soreness was 165 ± 46% lower in both groups at 64 h compared 
to 0 h post-match (p < 0.001), but there was no difference between 0 
and 40 h (p = 0.15) or 40 and 64 h (p = 0.21) post-match. There was no 
group by time interaction effect for leg soreness (p = 0.66, η2

p = 0.004; 
see Figure 2A).

Whole-body soreness was 106 ± 37% lower overall in the turmeric 
group compared to the control group (p = 0.005, η2

p = 0.038). There 
was also a main effect of time for whole-body soreness (p = 0.002, 
η2

p = 0.061) where post-hoc analysis revealed that soreness was lower 
in both groups at 64 h compared to 0 h post-match (p = 0.001; 
Figure 2B), but there were no differences between 0 and 40 h (p = 0.14) 

FIGURE 1

Plasma concentrations of c-reactive protein (A) and creatine kinase (B) immediately (0 h), 40 h and 64 h post-match, in the turmeric (solid square) and 
non-turmeric (open circle) groups. † indicates a difference between groups at this time-point (p < 0.05); Data are presented as percent change from 
baseline. Values are means with error bars representing standard error.
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FIGURE 3

Countermovement jump height (A) and isometric mid-thigh pull (B) performance 40 h and 64 h post-match, in the turmeric (solid square) and non-
turmeric (open circle) groups. * indicates a difference compared to 40 h in both groups (p < 0.05). Data are presented as percent change from baseline. 
Values are means with error bars representing standard error.

or 40 and 64 h (p = 0.19) post-match. There was no group by time 
interaction effect for whole-body soreness (p = 0.29, η2

p = 0.012).

Performance markers

CMJ performance was 3.9 ± 1.9% lower at 64 h compared to 40 h 
post-match (p = 0.049, η2

p = 0.052). There was no main group (p = 0.16, 
η2

p = 0.026) or group by time interaction (p = 0.53, η2
p = 0.006) effects 

for percentage change in CMJ (see Figure 3A). There were no main 
effects of time (p = 0.93, η2

p < 0.001), group (p = 0.95, η 2
p < 0.001), nor 

group by time interaction (p = 0.54, η 2p < 0.006) for percentage change 
in IMTP (see Figure 3B).

Discussion

The aim of this study was to determine if twice daily consumption 
of a commercially available turmeric supplement, estimated to contain 
1,400 mg of curcumin, could enhance recovery in a group of elite male 
footballers. We  found that turmeric supplementation attenuated 
subjective markers of muscle soreness and reduced plasma [CRP] – a 
haematological marker of inflammation – at 64 h post-match, 
compared to a control group who did not consume the supplement. 

The results of this pilot study provide evidence that a commercially 
available turmeric supplement may be an effective and convenient 
method of accelerating recovery in elite male footballers.

Increased plasma [CRP] was observed in the control group 64 h 
post-match, but was attenuated in the turmeric supplementation 
group, indicating significant blunting of the systemic inflammatory 
response in participants consuming the turmeric supplement. CRP is 
a major acute phase protein synthesised by the liver in response to 
elevations in IL-6 and correlates with systemic inflammation (23). 
Turmeric contains high levels of the polyphenol curcumin, which has 
antioxidant and anti-inflammatory properties (24). Previous studies 
demonstrate that curcumin downregulates various inflammatory 
regulators, including nuclear factor kappa beta (NF-κB) activation and 
production of the enzyme cyclooxygenase-2 (COX-2), which are 
central components of the inflammatory cascade (11). Curcumin also 
increases blood antioxidant capacity, reducing the inflammation 
caused by free radicals (25). Therefore, the reduction in [CRP] at 64 h 
post-match likely reflects a reduction in systematic inflammation, 
indicating that turmeric supplementation has attenuated exercise-
induced inflammation.

In contrast to [CRP], plasma [CK] did not differ between groups. 
CK is a protein found in the mitochondria of the muscle and can 
be used as a biomarker for muscle damage (26). The results of the 
present study are similar to another supplementation study, which 

FIGURE 2

Subjective ratings of leg (A) and whole-body (B) soreness immediately (0 h), 40 h and 64 h post-match, in the turmeric (solid square) and non-turmeric 
(open circle) groups. * indicates a difference compared to 0 h in both groups (p < 0.05). Data are presented as percent change from baseline. Values are 
means with error bars representing standard error.
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found after an acute bout of eccentric bicep exercise, that [CRP] could 
be  reduced by an antioxidant-docohexanoic supplement, but [CK] 
remained unchanged (27). Differences in [CK] and [CRP] response in 
the present study may be related to the training status of the population 
studied. Previous research has shown that plasma [CK] increases less in 
individuals accustomed to high volumes of exercise (28, 29) and can 
be influenced by muscle fibre type (30). Differences may also be due to 
the limited amount of control we were able to apply, due to the 
professional-status and elite nature of the population  studied. For 
example, acute dietary intake of certain nutrients [such as vitamin C; 
(31)], which we were unable to measure or control in the present study, 
can influence plasma [CK]. Despite no club directed training taking 
place, it is also possible that the 5-days of rest prior to baseline 
measurements were insufficient for [CK] to reach nadir, which, coupled 
with these other factors, may explain why we did not observe a change 
in [CK] in response to turmeric supplementation.

Subjective muscle soreness was reduced with turmeric 
supplementation across all post-match time points. Previous studies 
have also similarly found that curcumin supplementation has reduced 
DOMS after exercise (10, 11), however, this finding is not consistent 
amongst all curcumin supplementation studies (12, 13, 32). Previous 
studies have ceased supplementation the day before (32) or 12 h after 
(13) exercise, which may explain the null findings. Tanabe et al. (33) 
found that curcumin supplementation for 4-days after exercise 
reduced muscle soreness, whereas supplementation for 7-days 
preceding exercise did not. These findings align with the current study 
and suggest that the analgesic effects of curcumin supplementation 
may be  enhanced by continuing supplementation throughout the 
recovery period. This is likely explained by the pharmacokinetics of 
polyphenols, which typically peak a few hours after consumption 
before being metabolised and excreted (34).

Despite turmeric supplementation reducing CRP and subjective 
markers of soreness, this study found no effect of supplementation on 
CMJ and IMTP performance up to 48 h post-match. Previous studies 
have reported inconsistent findings regarding the effects of curcumin 
supplementation on performance, following a bout of exercise induced 
muscle damage. For example, curcumin supplementation can expedite 
recovery of some performance outcomes, such as MVC torque (13), 
range of motion (33) and 6 s sprint performance (12). However, other 
performance metrics, such at total work, mean peak torque (13) and 
MVC torque (33) were not different between when supplementing 
with curcumin. Abbott et  al. (14) reported that curcumin 
supplementation offset the attenuation in CMJ performance observed 
after exercise-induced muscle damage from football match-play. These 
findings are directly comparable, in terms of exercise mode and 
performance metric, to the current study, yet present conflicting 
results. This may be due to the contextual differences in academy (14) 
compared to elite (current study) football match-play, and/or the 
degree of control that could be elicited around performance testing. 
For example, Abbott et  al. (14) collected all measurements in the 
fasted state, whereas we were unable to control players dietary intake 
prior to measurements.

The supplement administered in this study was a 60 mL shot, 
which was well-tolerated and easy to incorporate into the nutrition 
plan of elite footballers. The supplement also contained piperine, an 
adjuvant that can greatly improve bioavailability of curcumin. High 
doses of curcumin (up to 12 g per day) are pharmacologically safe 
and well tolerated in humans (34). However, unformulated curcumin 
exhibits very poor bioavailability, with very low concentrations 

detected in serum and extracellular tissues after oral consumption, 
likely due to poor absorption, followed by rapid metabolism and 
elimination (24). Piperine slows the metabolism of curcumin by 
inhibiting hepatic and intestinal glucuronidation (24). Previous 
studies have shown that administering curcumin with piperine can 
increase serum concentrations of curcumin by up to 2000% (35), 
indicating that glucuronidation inhibition may be  the major 
mechanism of increasing curcumin bioavailability (24). As such, the 
formulation of the supplement administered in the current study, 
which contained 35 g of raw turmeric root, (estimated to contain 
1,400 mg of curcumin) and 10 mg of piperine, may have helped to 
increase serum concentrations of curcumin such that it could exert 
its biological action, whilst the mode of administration may have 
encouraged greater adherence. These are major strengths of this 
study, as these factors increase the likelihood of professional athletes 
utilising this supplement to expedite recovery.

Another strength of this study is the cohort of elite footballers 
studied, which is rare for this type of research. Whilst research in 
sub-elite populations can be  informative, the contextual factors 
surrounding elite football are unique, and therefore, findings from 
sub-elite cannot always be  readily extrapolated to elite athletes. 
Moreover, elite football match-play elicits a high degree of muscle 
damage and soreness (5), which results in many players using NSAIDs 
to manage pain and maintain performance amidst an intensive 
training and match-play schedule (36). However, chronic NSAID use 
has been associated with various adverse cardiovascular issues (37) 
and regular use is not recommended (38). As such, findings of the 
present study in this highly relevant population, provide evidence that 
a commercially available and easy to administer turmeric shot could 
reduce muscle soreness and expedite recovery after match-play.

This study is not without limitations. Firstly, despite the 
supplement being formulated to enhance bioavailability, this has not 
been empirically tested. Future studies should aim to measure the 
appearance of curcumin in blood, and the time course, to establish 
the optimal dosing strategy. Secondly, due to the novelty of the 
supplement provided and the population, we were unable to blind 
participants to the treatment they received. Previous research has 
showed that when participants perceive that they have ingested an 
active supplement this can distort perceptions of pain (39) and 
influence other outcomes, such as exercise performance (40). It’s 
important that future studies incorporate a suitable placebo condition 
to mitigate this risk. Thirdly, due to the novelty of the population 
studied, sample size for this study was inherently small, and turmeric 
and non-turmeric users could not be matched, as we could not control 
the match-day playing team. This resulted in a larger number of 
sample points for the supplementation group (60) compared to 
control (16).

In conclusion, this applied pilot study found that twice-daily 
consumption of a turmeric supplement attenuated a blood marker of 
inflammation and subjective muscle soreness, in elite male footballers 
following match-play. These findings suggest that a commercially 
available and easy to consume turmeric supplement may accelerate 
post-match recovery and this warrants further investigation.
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Introduction: The purpose of this study was to examine the influence of nutritional 
intake on visual perceptual-cognitive performance (VCP) in young healthy adults.

Methods: Ninety-eight healthy men (n = 38) and women (n = 60) aged 18–33 
years participated and maintained their usual dietary intake throughout the study. 
VCP was measured using the NeuroTracker™ CORE (NT) 3-Dimensional (3-D) 
software program (15 training sessions) over a 15-day period. Food logs and 
extensive lifestyle measures including body composition, cardiovascular health, 
sleep and exercise patterns, and general readiness to perform were collected. 
Mean intake from 10 food logs collected over the 15 days were analyzed using 
Nutribase software. Statistical analyses were performed in SPSS using repeated 
measures ANOVA including significant covariates when appropriate.

Results: Males consumed significantly more calories, macronutrients, cholesterol, 
choline, and zinc and performed significantly better on VCP than the females. 
Participants who consumed more than 40% of kcals from carbohydrates 
(p = 0.038), less than 24% of kcals from protein (p = 0.009), more than 2,000 μg/
day lutein/zeaxanthin or more than 1.8 mg/ day vitamin B2 performed significantly 
better on VCP than those who consumed less than those amounts, respectively.

Discussion: VCP is an important dimension of cognitive function and in the 
present study is influenced by higher carbohydrate, lutein/ zeaxanthin, and 
vitamin B2 dietary intake while high protein consumption and the female sex 
negatively impacted VCP.

KEYWORDS

carbohydrates, protein, micronutrients, lutein, zeaxanthin, cognition, cognitive 
performance, vision

1. Introduction

Traditionally, athletes spend a lot of time physically training skeletal muscle and 
cardiovascular systems to enhance sports performance. However, an increasing prevalence of 
studies suggest that vision and perceptual-cognitive processing are also critical factors that 
enhance or limit overall sports performance (1–4). While both visual “hardware” (eye health) 
and “software” (visual processing) domains have been evaluated in relation to visual cognitive 
ability, the relative importance of each of these appears dependent on the requirements of the 
specific sport (3–7). Athletes ranging from hockey players to baseball players have unique visual 
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processing requirements that impact their overall athletic performance 
(1, 3–7).

Computer technology in sport-specific vision training programs 
may be used to enhance perceptual cognitive ability and testing has 
been associated with overall sport success (1, 2, 8–10). The 
3-dimensional (3D) multi-object-tracking (MOT) is a robust 
computerized training intervention that requires tracking multiple 
objects in 3D that are moving among distractors in a broad field using 
a speed threshold to measure performance (8–10). This technology 
sensitively differentiates low and high visual-cognitive performance, 
requires peripheral vision, individualizes speed and difficulty levels, 
and consistently challenges trainees to progress (10). The 
NeuroTracker™ CORE (NT) 3D software program from CogniSens 
Inc. is a single-task integrative perceptual cognitive training system 
that is equivalent to the 3D-MOT system. It evaluates the individual’s 
perceptual cognitive ability, provides training, and has been shown to 
be  effective in improving cognitive performance after a specified 
number of training sessions (8, 9).

Previous investigations using the NT 3D-MOT system utilized 
maximal speed thresholds and adaptive training responses to 
differentiate between professional, elite amateurs, and non-athletes. 
Professional athletes demonstrated significantly greater perceptual 
cognitive processing with a much steeper learning curve in a dynamic 
environment when compared to elite amateur athletes. Similarly, elite 
amateur athletes performed significantly better and had a significantly 
steeper learning curve than non-athletes (8). College age non-athletes, 
who completed 10 NT training sessions, experienced significant 
improvements in cognitive performance, attention span, memory, and 
reaction time, in addition to quantitative changes in brain function 
when comparing baseline and final sessions (10).

While the importance of visual processing speed in sport 
performance is increasingly recognized, the understanding of the 
variability between individuals is poor. Individual intake of 
macronutrients including the dietary ratio of carbohydrates, protein, 
and fat appear to impact overall cognitive ability. Some studies report 
mixed effects of high carbohydrate diets that are dependent on the 
type of carbohydrate consumed. Simple carbohydrates have been 
shown to reduce cognitive function as well as lead to pathological 
cognitive decline through deleterious effects on the brain. Complex 
carbohydrates with high fiber content are reported to be beneficial for 
cognition through improved blood glucose control and thus reduce 
metabolic dysregulation. Studies also support a balanced protein 
intake due to evidence that inadequate or overconsumption of protein 
can negatively impact cognition while adequate intake improves 
certain cognitive tests. Additionally, research supports higher intakes 
in healthy fats. For example, polyunsaturated fats are linked to 
improved cognitive function while diets high in saturated fatty acids 
and cholesterol are shown to have a negative correlation with global 
cognitive function (11–18).

Micronutrient intake can also greatly influence nervous and 
sensory function including choline, B vitamins, calcium, magnesium, 
zinc, copper, beta-carotene, vitamins C and E, ω-3 fatty acids, lutein/
zeaxanthin. These nutrients have been studied most often for their role 
in visual cognitive function, performance and/or eye health (19–26). 
Lutein/zeaxanthin also positively influenced visual cognitive 
performance by serving as antioxidant and anti-inflammatory agents 
to reduce oxidative stress and inflammation, filtering short-wave blue 
light that damage the retina and diminish visual sharpness and 

supporting retinal light processing through synaptic membrane 
regulation (2, 20, 21, 26). The follow-up to the Age-Related Eye 
Disease Study 2 (AREDS2) study reported lutein/zeaxanthin 
contributed to eye health by positively impacting those with late 
age-related macular degeneration (AMD) (26).

The purpose of the IONSport study was to examine the influence 
of free-living nutritional intake on visual perceptual-cognitive 
performance in young healthy adults. The focus was to examine 
macronutrients and micronutrients in the current literature that 
reportedly impact eye health and/or cognitive performance. 
We  employed a cross-sectional design to characterize cognitive 
performance and dietary intake. Participants kept food logs on each 
day of cognitive testing to evaluate the effect of variability in a free-
living diet on cognitive performance; detailed 10-day nutrient averages 
were used to represent individual long term nutrient intake. The NT 
3D-MOT software program was used to identify individual perceptual 
cognitive ability. We are unaware of any studies that have evaluated 
the relationship of nutrient intake to visual cognitive testing using the 
NT software.

2. Materials and methods

2.1. Subjects

Men and women aged 18–33 years were recruited for the 
IONSport study using a convenience sampling strategy. Email, posted 
fliers, and direct contact with student groups on the Texas A&M 
University campus were used to recruit participants. Individuals with 
a body mass index (BMI) less than 18, had a pacemaker, experienced 
vertigo, or had difficulty with 3D viewing were excluded. Persons who 
self-reported their inability to distinguish between yellow and orange 
due to colorblindness on a pre-screening form were also excluded 
since the training program required the ability to distinguish these 
colors. All participants signed an informed consent, and the Texas 
A&M University Human Subject’s Institutional Review Board (IRB) 
approved the study protocol.

2.2. Procedures

Prior to the start of the study, baseline data including blood 
pressure (BP); heart rate (HR) (Omron Healthcare, Inc. Bannockburn, 
IL, United States); visual acuity using the Snellen Chart; and body 
composition using the Biometric Beurer BF 520 BIA technology 
(Beurer, Germany) were collected (27). Subjects completed the 
Pittsburgh Sleep Quality Index, medical history, and the Modifiable 
Activity Questionnaire to provide detailed sleep, health, and physical 
activity background (28, 29). Participants came to the lab 10 times 
over a 15-day period to complete cognitive testing. Daily data, 
anthropometrics, and food logs were collected at each visit.

2.3. Nutrition education and monitoring

Subjects were instructed to continue their usual eating behaviors 
and physical activity throughout the study. A registered dietitian 
nutritionist (RDN) prepared and emailed five, one-to-two-minute, 
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online instructional videos and provided participants direct guidance 
on how to accurately assess and document food and beverages 
consumed. Subjects were asked to log all food and beverages 
consumed on each of the 10 cognitive training days. Each food log was 
reviewed daily by an RDN and, if necessary, additional details were 
collected to ensure logs were complete and accurate. NutriBase 19 Pro 
Edition, v. 19.2 software (NB) (CyberSoft, Inc., Houston, TX) was 
used for dietary analyses.

2.4. Visual cognitive performance testing

Participants completed 15 cognitive training sessions using the 
NT 3D software program over 10 training days that included 
alternating single and double training sessions with 4–5 interspersed 
days of no training (15 total days of the study). During the first 
training session, the cognitive testing procedures were explained to 
participants. Participants were seated in a chair aligned 4½’ from a 50” 
3D television in a dark, quiet testing room with the seat adjusted so 
that their eyes were positioned at the center of the screen. They wore 
active 3D glasses that directly interacted with 3D software and noise-
canceling headphones to minimize distractions. Participants who 
relied on glasses for corrected vision wore them under the 3D glasses 
when training.

Each training session included tracking the spatial location of four 
pre-identified target spheres that were initially a distinct color from 
the other four spheres. Once identified, these spheres became identical 
in color to the four other spheres. All eight identical spheres moved 
among each other at a given speed within a 3D virtual space, passing 
in front of or behind each other, colliding with each other or the edges 
of the screen and changing directions. After 6 s of movement, the 
spheres stopped, and the participant picked out the four pre-identified 
spheres. If the subject selected all four of the correct spheres, the speed 
of sphere movement increased for the next 6 s trial. If one or more 
spheres was missed, the speed of sphere movement decreased for the 
next trial in a 0.05 log up 0.05 log down pattern (30, 31) subjects 
performed 20 trials within a single training session obtaining a “speed 
threshold,” the level at which the participant correctly tracked and 
selected the correct objects 50% of the time. The final speed threshold 
for each training session and the progression over 15 sessions were the 
primary determinants of cognitive performance.

Each of the 10 cognitive training days included collection of 
recent physical activity, fluid intake, most recent urine color (validated 
urine color scale), blood pressure, heart rate, readiness to perform, 
body composition, level of sleepiness (Stanford Sleepiness 
questionnaire) and actual hours of sleep the previous night (32, 33).

2.5. Statistical analyses

IBM SPSS 27.0 software (SPSS Inc., Chicago, IL) was used for all the 
analyses. NB was used to calculate the 10-day food log mean of 
individual nutrients which was used in cognitive performance analyses. 
Lutein/zeaxanthin were analyzed together since NB reported these 
nutrients as one. Visual cognitive performance was assessed using the 
15-day NT speed threshold. Speed threshold analysis included: (1) 
evaluating mean and maximal performance and (2) comparing baseline 
sessions 1–3 to the final 3 sessions. The relationship of nutritional intake 

and cognitive performance was evaluated based on sex and comparison 
of top and poor performers on the NT cognitive tests. Data are presented 
as estimated mean ± SD, and p < 0.05 was considered 
statistically significant.

A repeated measures analysis of variance (ANOVA) was 
performed to compare the effect of nutrient intake on visual cognitive 
performance. Nutrients which showed suggestive positive or negative 
associations to cognitive performance parameters were further 
analyzed by categorizing intakes according to recommended levels 
and natural groupings within the data. Stepwise linear regression was 
used to determine the independent effect of cognitive performance 
using variables that continued to show a consistent effect on cognitive 
performance parameters.

3. Results

3.1. Subjects

The IONSport Study enrolled 109 participants, and 98 (38 males, 
60 females) had complete data sets for analyses (at least 9 daily food 
records, 15 NT sessions, and at least 9 site visits in 15 days). Table 1 
shows the characteristics of all male and female participants. There 
were significant differences among male and female participants in 
age, height, weight, lean mass, BMI, and percent body fat. Regarding 
blood pressure, there was a significant difference in the systolic but not 
diastolic blood pressure. There was also a significant difference in 
hydration status as indicated by urine color. There was no significance 
between the hours of sleep or responses on the Stanford Sleepiness 
scale. Most participants were Caucasian (49%).

TABLE 1 Participant characteristics.

Male (n = 38) Female (n = 60)

Mean SD Mean SD P (sex)

Age (years) 22.7 3.0 21.1 3.6 0.032

Height (m) 1.78 0.09 1.64 0.06 <0.001

Weight (kg) 80.5 10.4 60.9 9.3 <0.001

Lean mass 

(kg)
69.8 7.9 46.0 4.8 <0.001

BMI 

(kg•m−2)
25.3 2.7 22.5 3.2 <0.001

Systolic BP 

(mmHg)
122.8 10.4 108.4 8.9 <0.001

Diastolic BP 

(mmHg)
73.4 4.9 71.3 7.4 0.159

Fat (%) 12.9 3.9 23.8 5.5 <0.001

Urine color 

(AU)
2.6 0.9 2.1 0.6 0.002

Sleep (hours) 6.8 0.9 6.8 0.9 0.871

Stanford 

sleepiness
2.3 0.9 2.3 0.6 0.859

Race (% 

white)
40.5 55.1
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3.2. Average dietary intake and cognitive 
performance

There was variance between men and women in both average dietary 
intake and cognitive performance outcomes as displayed in Table 2. Males 
consumed significantly more calories (per day) carbohydrates (grams/ 
day), protein (g/day and % calories), and fat (g/day). Additionally, 
cholesterol (mg/day), choline (mg/day) and zinc (mg/day) consumption 
was higher in males than females. There were no significant differences in 
the consumption of B vitamins, calcium, magnesium, copper, beta-
carotene, vitamins C and E, ω-3 fatty acids, fiber, or lutein/zeaxanthin. 
VCP was significantly better for males than the females and males 
performed significantly better on the three baseline and three final 
cognitive performance sessions. However, the change from baseline to the 
final sessions was similar between males and females.

A repeated measures ANOVA compared the effect of the percent of 
calories from carbohydrate and protein consumption on visual 

cognitive performance in Figures  1, 2, respectively. There was a 
statistically significant difference in cognitive performance and 
participants who consumed more than 40% carbohydrates (p = 0.038) 
compared to those who consumed less than that amount. A significant 
breakpoint in the data was identified in those who consumed less than 
24% of total calories from protein and those who consumed 26% of total 
calories from protein. Participants who consumed less than 24% protein 
performed significantly better on the visual cognitive performance task 
(p = 0.009) than those who consumed 26% calories from protein.

3.3. Top performers and cognitive 
performance

There were also differences in average dietary intake and cognitive 
performance when comparing the top performers to poor performers. 
Top performers were defined as the 7 males and 7 females who 

TABLE 2 Participants average dietary intake and cognitive performance.

Male (n = 38) Female (n = 60)

Mean SD Mean SD P (sex)

Macronutrients

Calories (kcal•day−1) 2214 492 1727 402 <0.001

Calories (kcal•kg−1) 28.1 7.0 29.0 7.4 0.554

Carbs (g•day−1) 249.5 75.6 211.5 63.7 0.008

Carbs (g•kg−1•day−1) 3.2 1.2 3.6 1.1 0.135

Carbs (% Calories) 42.3 9.2 45.8 8.4 0.056

Sugars (g•day−1) 77.8 37.7 73.3 29.3 0.507

Fiber 21.2 8.91 21.4 10.4 0.902

Protein (g•day−1) 122.2 49.1 79.8 27.2 <0.001

Protein (g•kg−1•day−1) 1.5 0.6 1.3 0.4 0.036

Protein (g•kg lean−1•day−1) 1.8 0.6 1.7 0.6 0.782

Protein (% Calories) 23.4 8.4 19.3 4.4 0.002

Fat (g•day−1) 81.4 24.0 65.4 22.9 0.001

Fat (% Calories) 33.5 6.0 34.3 6.6 0.564

Micronutrients

Omega-3 (g•day−1) 0.4 0.6 0.3 0.4 0.176

Cholesterol (mg•day−1) 431.0 313.5 232.7 168.8 <0.001

Choline (mg•day−1) 267.7 258.9 142.0 121.4 0.002

Betaine (mg•day−1) 45.9 152.1 20.8 28.2 0.216

Vitamin B2 (μg •day−1) 3.6 10.0 1.4 1.6 0.105

Vitamin B5 (μg •day−1) 5.8 6.8 3.8 5.8 0.136

Vitamin C (mg•day−1) 91.5 85.3 95.6 87.5 0.818

Vitamin E (mg•day−1) 13.1 21.2 11.7 26 0.766

Copper (mg•day−1) 0.9 0.7 0.8 0.6 0.662

Zinc (mg•day−1) 9.3 6.4 5.9 3.1 0.001

Lut/Zea (μg •day−1) 2383 5930 2481 4285 0.925

Cognitive performance

Mean of 15 1.75 0.34 1.52 0.33 0.001

Maximum of 15 2.38 0.45 2.08 0.43 0.001

Baseline (3) 1.60 0.40 1.34 0.38 0.001

Final (3) 1.88 0.35 1.67 0.38 0.007

Change 0.26 0.30 0.33 0.26 0.185
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performed best on 15 cognitive training sessions, while the poor 
performers were the 8 males and 8 females who performed the worst on 
the same number of sessions. Mean (p < 0.001) and maximal (p < 0.001) 
cognitive performance was significantly higher in top performers when 
compared to poor performers (Table 3). Top performers also consumed 
significantly more carbohydrates (% calories) and significantly less 
protein (g/kg/day and g/kg lean/day) than poor performers (Table 3). 
There was no significant difference in the consumption of fat, choline, 
B vitamins, calcium, magnesium, copper, zinc, beta-carotene, vitamins 
C and E, ω-3 fatty acids, or lutein/zeaxanthin (Table 3).

3.4. Lutein/zeaxanthin intake

A repeated measures ANOVA compared the effect of lutein/
zeaxanthin consumption on visual cognitive performance (Figure 3). 
Dietary intake of 2,000 μg/day lutein/zeaxanthin was used to 
distinguish participants who consumed high vs. low lutein/zeaxanthin 
levels since this is the upper average intake by American adults (34, 
35). Mean (p = 0.004) and maximal (p = 0.031) cognitive performance 
was significantly higher in those that consumed >2000 μg/day lutein/
zeaxanthin. However, both groups improved at the same rate.

3.5. Vitamin B2 (riboflavin)

A repeated measures ANOVA compared the effect of vitamin B2 
(riboflavin) consumption on visual cognitive performance (Figure 4). 
Dietary intake of 1.8 mg /day was used as a cutoff for high vs. low B2 
(riboflavin) consumption based on the average dietary intake for 

women (36). There was a significantly higher mean (p = 0.017) and 
maximal (p = 0.029) cognitive performance in those consuming 
>1.8 mg/day B2. While the recommended dietary intake for men and 
women ages 19–51 is 1.3 mg and 1.1 mg, respectively, these differences 
in cognitive performance were not affected by controlling for sex 
(EMM ± SE, 0.27 ± 0.03 vs. 0.41 ± 0.06; p = 0.032).

3.6. Regression

All independent variables that appeared to have an influence on 
the NT mean and/or maximum speed threshold were considered in 
the linear regression analysis, only significant/consistent predictors 
were reported in the linear regression models. There were significant 
independent effects of sex, protein intake (% kcal), vitamin B2, lutein/
zeaxanthin and age on the mean (Table 4) and maximal (Table 5) NT 
speed threshold; however, lutein/zeaxanthin was not a significant 
predictor in the model for mean or maximal NT speed thresholds. 
Although carbohydrate intake positively influenced cognitive 
performance in the repeated measures ANOVA model, it was not 
retained in the linear regression models High protein intake was a 
significant negative predictor of both the mean (Table 4) and the 
maximal (Table  5) NT speed threshold. Similarly, there was a 
significant negative relationship between age and the maximal 
(Table 5) NT speed threshold. Younger subjects had significantly 
better maximal NT speed threshold than older participants; however, 
there was not a significant relationship between age and the mean NT 
speed threshold. Vitamin B2 (riboflavin) had a significantly positive 
relationship with both the mean (Table 4) and the maximal (Table 5) 
NT speed threshold.

FIGURE 1

Carbohydrate (% calories) intake. Covariates appearing in the model are evaluated at the following values: Gender = 1.6146, LUTZEA2000 = 1.2708; Error 
bars: +/− 1 SE. Repeated measures ANOVA p = 0.038.
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4. Discussion

The results of this study demonstrated a significant association of 
macronutrients on visual cognitive performance in a group of healthy 
male and females aged 18–33 who recorded food intake following 
their normal dietary patterns and completed visual cognitive 
performance testing on 10 days within a 15-day period. Results of this 
study demonstrated a significantly positive relationship between 

individuals who consumed >40% of their macronutrient intake from 
carbohydrates and visual cognitive performance.

Previous investigations have found that carbohydrates contribute 
to athletic performance and endurance, but there has been limited 
emphasis on the relationship between carbohydrate intake and 
cognitive ability (13). While carbohydrate recommendations for 
endurance athletes vary based on their intensity and length of 
performance, recent studies demonstrated a positive relationship 

FIGURE 2

(A) Protein (% calories) intake. Covariates appearing in the model are evaluated at the following values: Gender = 1.6146, LUTZEA2000 = 1.2708; Error 
bars: +/− 1 SE. Repeated measures ANOVA p = 0.009. (B) Protein (g/kg/day) intake. Covariates appearing in the model are evaluated at the following 
values: Gender = 1.6146, LUTZEA2000 = 1.2708; Error bars: +/− 1 SE. Repeated measures ANOVA p = 0.035.
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between carbohydrate mouth rinses and improved accuracy and 
precision in cognitive processing (14, 15). However, there is limited 
research evaluating the relationship of carbohydrate consumption and 
cognitive performance (15, 16). A small study that evaluated the 
relationship between three different mouth rinses containing 
1.6 g/25 mL carbohydrate, 0.4 g/25 mL guarana complex or 
67 mg/25 mL caffeine used at the beginning and twice during a 40-min 
exercise period reported that all three enhanced temporal activity. The 
carbohydrate rinse also decreased the rating of perceived exertion 
(RPE) when compared to the other rinses (16). Another small study 
that evaluated the impact of maltodextrin mouth rinses also reported 
that fatigued fencing athletes displayed enhanced accuracy in this 
skill-based sport after using a maltodextrin mouth rinse (17). Brain 
imaging of participants using 1.6 g/25 mL maltodextrin mouth rinse 
displayed enhanced activity in the orbitofrontal cortex of the brain but 

no influence on reaction rate (18). However, more research on the 
relationship between habitual carbohydrate consumption and 
cognitive performance is needed.

Our research showed a significantly negative linear relation 
between total protein intake and the mean and maximal speed 
threshold in cognitive testing. Previous investigations reporting a 
positive relationship between dietary protein consumption and 
cognitive response were conducted in aging persons, which often 
consume less protein than the needed protein for maintaining their 
health (37, 38). However, our population was younger, and many 
consumed above the RDA for protein, which may have influenced the 
conflict with the present result. In a study that examined the impact 
of dietary protein on cognitive performance compared the impact of 
carbohydrates alone to a protein and carbohydrate mixture, no 
significant differences in cognitive ability were demonstrated after a 

TABLE 3 Top performers compared to poor performers nutrient intake and cognitive performance.

Top performers (7 M, &7F) Poor performers (8 M, 8F) Covary sex

Mean SD Mean SD P (group)

Macronutrients

Calories (kcal•day−1) 2087 390 2014 670 0.765

Calories (kcal•kg−1) 30.9 6.3 31.3 8.4 0.896

Carbs (g•day−1) 272 49 231 98 0.174

Carbs (g•kg−1•day−1) 4.1 1.1 3.6 1.4 0.337

Carbs (% Calories) 49.6 6.0 43.0 10.5 0.047*

Sugars (g•day−1) 85.9 30.8 81.3 43.1 0.763

Protein (g•day−1) 88.7 29.6 109 51.8 0.139

Protein (g•kg−1•day−1) 1.25 0.33 1.65 0.60 0.035*

Protein (g•kg 

lean−1•day−1)
1.53 0.39 1.99 0.71 0.048*

Protein (% Calories) 17.8 3.4 23.1 10.7 0.07

Fat (g•day−1) 73.4 17.1 75.6 33.3 0.785

Fat (% Calories) 32.3 4.2 33.1 7.9 0.762

Micronutrients

Omega-3 (g•day−1) 0.30 0.26 0.46 0.74 0.443

Cholesterol (mg•day−1) 240.9 133.7 357.2 322.3 0.158

Choline (mg •day−1) 163 118 208 245 0.493

Betaine (mg •day−1) 85 254 18 17 0.334

Vitamin B2 (μg •day−1) 1.5 1.1 1.6 1.0 0.878

Vitamin B5 (μg •day−1) 3.5 2.3 4.0 2.5 0.547

Vitamin C (mg •day−1) 106.9 124.0 80.7 60.9 0.461

Vitamin E (mg •day−1) 7.2 5.2 9.4 10.1 0.452

Copper (mg •day−1) 0.9 0.7 0.8 0.5 0.401

Zinc (mg •day−1) 7.5 4.5 7.9 5.6 0.779

Lut/Zea (μg •day−1) 2240 2441 1469 1814 0.274

Cognitive performance

Mean of 15 2.22 0.12 1.20 0.17 <0.001*

Maximum of 15 2.97 0.24 1.72 0.23 <0.001*

Baseline (3) 2.06 0.28 0.99 0.27 <0.001*

Final (3) 2.36 0.24 1.31 0.23 <0.001*

Change 0.30 0.36 0.35 0.13 0.602

*p < 0.05. Top performers were the males and females who performed the best on cognitive testing while poor performers were the males and females who performed the worst on cognitive 
testing.
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FIGURE 3

Lutein/Zeaxanthin intake. Covariates appearing in the model are evaluated at the following values: Gender = 1.6146 Error bars: +/− 2 SE. Repeated 
measures ANOVA p = 0.004.

FIGURE 4

Vitamin B2 intake. Covariates appearing in the model are evaluated at the following values: Gender = 1.6146, PROTEIN = 97.1975 Error bars: +/− 2 SE. 
Repeated measures ANOVA p = 0.014.
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30-min period of exercise (39). Studies evaluating the impact of 
protein on cognitive performance most often focus on branched chain 
amino acids (40) whereas we evaluated total protein consumption.

The present results demonstrating better cognitive performance 
when intake of carbohydrate was >40% and protein <24% is similar to 
the acceptable macronutrient distribution ranges (AMDR) 
recommended by the Institute of Medicine including 45–65% 
carbohydrates, 10–35% protein, and 20–35% fat (40). These 
percentages also align with other research studies that support the 
positive relationship of complex carbohydrates with cognitive 
performance (11, 12). Many diets promote extreme ratios of 
macronutrients for distinct reasons including, but not limited to, 
weight loss and athletic performance (14). However, these diets have 
not evaluated the impact of the varying macronutrient ratios on 
cognitive performance suggesting additional investigations of 
macronutrient ratios and cognitive performance is warranted.

Additionally, the results of this study align with other research 
studies that show a positive relation between lutein/zeaxanthin and 
enhanced visual cognitive performance (2, 21, 35, 41). For example, 
a double-blind placebo-controlled study using a lutein and 
zeaxanthin supplement showed that this daily supplementation for 
1 year improved spatial memory, reasoning ability, and complex 
attention (42). Additionally, a study investigating just 4 months of 
lutein and zeaxanthin supplementation showed that, compared to 

placebo, those receiving the intervention significantly increased 
visual processing speed in healthy young adults (20). Because lutein/
zeaxanthin are not endogenously produced (35), individuals must 
modify their dietary patterns to include lutein/zeaxanthin to receive 
the benefits of enhanced visual cognitive performance that these 
nutrients offer. This, in part, explains why much of the literature 
surrounding cognitive performance and lutein/zeaxanthin 
utilize supplementation.

Our data suggest a positive relationship between vitamin B2 
(riboflavin) and visual cognitive performance. Prior work has 
demonstrated riboflavin’s role in neurotransmitter synthesis (19). 
Additionally, dietary riboflavin has been shown to serve as a protective 
factor for global cognitive ability (43). The relationship between 
vitamin B2 and cognitive performance resulted in a significant 
positive result on cognitive performance in those consuming >1.8 mg/
day B2, which is greater than the recommended dietary intake for men 
and women ages 19–51 years. Vitamin B2 is essential for macronutrient 
metabolism, energy generation, and many other physiological 
functions including but not limited to antioxidant and anti-
inflammatory roles (44).

Limitations of this study include the subject population and the 
length of the study. The young, college-enrolled population limits the 
generalization of the results to other age and demographic groups. 
While we  used 10 days of food logs in analyzing dietary intake, 

TABLE 4 Linear regression analysis with neurotracker (NT) mean speed threshold.

Model Unstandardized coefficients Standardized 
coefficients

t Sig.

B Std. Error Beta

1 (Constant) 2.417 0.326 7.413 <0.001

Sex (1 = M, 2 = F) −0.301 0.074 −0.407 −4.073 <0.001

Protein (% kcal) −0.019 0.005 −0.346 −3.457 0.001

Vitamin B2 (1 = low, 

2 = high) 0.217 0.089 0.253 2.451 0.017

Lut/Zea (1 = low, 

2 = high) 0.162 0.083 0.189 1.961 0.054

Age (years) −0.018 0.011 −0.162 −1.652 0.103

aDependent variable: NT mean.

TABLE 5 Linear regression analysis with neurotracker (NT) maximum speed threshold.

Model Unstandardized coefficients Standardized 
coefficients

t Sig.

B Std. Error Beta

1 (Constant) 3.523 0.427 8.251 <0.001

Sex (1 = M, 2 = F) −0.393 0.097 −0.408 −4.062 <0.001

Protein (% kcal) −0.026 0.007 −0.362 −3.600 0.001

Vitamin B2 (1 = low, 

2 = high) 0.317 0.116 0.283 2.728 0.008

Lut/Zea (1 = low, 

2 = high) 0.117 0.108 0.105 1.080 0.284

Age (years) −0.030 0.014 −0.215 −2.177 0.033

Dependent variable: NT max.
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reliance on dietary recall to assess nutrient status may result in 
potential errors due to underreporting which is common in self-
reported food records. However, we provided baseline participant 
education on the level of detail required for reporting and handouts 
with portion size estimates were given to participants. Food logs were 
also checked upon submission for detail. Additionally, 10 food records 
greatly exceed the standard 3 food records for dietary assessment and 
may capture more of the variability and reflect longer term intake 
better. Furthermore, this study is limited by the lack of biochemical 
assessment indicators such as serum analysis and macular pigment 
optical density for objective evaluation (42, 45–47).

This study provided evidence that several nutrients, particularly 
lutein/zeaxanthin, vitamin B2, protein, and carbohydrates, contribute 
to enhanced visual cognitive performance. Athletes who often 
manipulate macronutrient ratios for muscular performance gains may 
consider optimizing this balance of protein for muscular gains and 
carbohydrate for both high energy metabolism and visual cognitive 
performance. Other micronutrients including lutein/zeaxanthin and 
B2 offer additional opportunities to enhance/optimize performance 
of cognitive function outside the traditional skeletal muscle and 
cardiovascular nutritional interventions and may be highly relevant in 
aging populations that are impacted by decline in visual 
cognitive performance.
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Introduction and objectives: Dietary supplements are part of the nutritional
strategies frequently applied in sports performance support. With growing
research on this subject and high demand from athletes, nutritionists need to
keep up to date with the latest evidence and utility of dietary supplements,
particularly in real-world contexts. As information about the use of dietary
supplements among elite soccer players is still scarce, this work aimed to know
how nutritionists working with elite soccer teams perceive and use these
substances in their daily practice.
Methods: A questionnaire previously used to describe nutritionists’ beliefs and
attitudes regarding the use of dietary supplements in a clinical context was
adapted for this study. The online questionnaire was addressed to nutritionists
working with elite soccer teams from six European Leagues and Brazil, between
November 2022 and February 2023.
Results: Overall, the participants considered themselves well-trained (76.9%),
knowledgeable (95.4%), and interested in dietary supplements (95.4%). The
majority (70.8%) of the participants agreed or strongly agreed to recommend
dietary supplements to soccer players. Personal usage of dietary supplements
was associated with recommending supplements (p < 0.001), but no
relationships were found with years of experience and academic level.
Discussion: Nutritionists working with elite soccer players consider the use of
dietary supplements for performance-enhancement purposes and not only to
compensate for nutritional deficits, which might contribute to their higher
interest, training and perceived knowledge about this topic. Participants
recognize players’ interest in dietary supplements, and are mindful of the safety
and efficacy of these products. The present study suggests that nutritionists
working with elite soccer teams are among the highest prescribers of dietary
supplements, although personal usage is lower than that of nutritionists working
in a clinical context.
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Highlights

• Knowledge about the perspectives and practices of nutritionists

working with elite soccer teams are important to better

understand the reasons for recommendation and use of

dietary supplements.

• Most nutritionists in this survey recommend dietary

supplements to elite soccer players, and are aware of the

challenges regarding safety and effectiveness.

• Nutritionists working with elite soccer teams are interested in

dietary supplements and also recognize the importance of

training and research in this area.

1. Introduction

Nutrition care is well established as part of support strategies

used to improve performance and recovery in soccer (1).

Nevertheless, the way nutritional strategies are applied can

change considerably depending on numerous factors, such as

players’ individual preferences or team competitive calendars,

and has deserved the attention of researchers and practitioners in

recent years. Energy and nutrient requirements (2, 3) and the

effects of dietary supplements are some of the topics studied in

the context of elite soccer. Available data suggest a high

prevalence of the use of dietary supplements by elite soccer

players (4, 5). Given the growing number of research enrolling

dietary supplements and the high number and variety of

products available on the market, it is relevant to understand

better how these substances are being used in soccer.

Several definitions exist for dietary supplements, including

those established by regulatory entities [such as EFSA in the

European Union (6)]. However, for the purpose of the present

study, the definition recently proposed in the International

Olympic Committee (IOC) consensus statement (“a food, food

component, nutrient, or non-food compound that is purposefully

ingested in addition to the habitually-consumed diet with the

aim of achieving a specific health and/or performance benefit”)

was considered the most suitable (7). This includes substances

such as caffeine, creatine, or vitamins, and products like isotonic

drinks or protein shakes, typically used among soccer players (8).

Recent publications have described the evidence regarding the

benefits of dietary supplements in soccer players’ performance or

recovery (1, 9). However, information on how nutritionists

address the use of these products remains scarce.

To our knowledge, the first work addressing the practices and

recommendations of sports nutritionists was conducted by

Grandjean in 1993 (10). In this survey, it was found a positive

correlation (p < 0.008) between personal usage of dietary

supplements and the recommendation of these products to

athletes. Nevertheless, most of the professionals worked with

recreational athletes and were more concerned about encouraging

a healthy diet than improving athletic performance. More

recently, other surveys assessed nutrition knowledge, practices

and perceptions of nutritionists regarding dietary supplements
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(11–14), but research was focused on a clinical context, and the

use of dietary supplements to balance food intake or address

particular health conditions. In the context of sports nutrition,

Wardenaar and Hoogervorst (15), in a survey conducted among

sports health professionals (18% of which were nutritionists)

working with Olympic and non-Olympic athletes, noted that

sports dietitians were ranked as the most knowledgeable

professionals about nutritional supplements (74%). Not

surprisingly, nutritionists have been considered among the most

well-informed professionals and preferred source of information

about dietary supplements in surveys conducted among athletes

(16). Thus, it is important to better understand how nutritionists’

perspectives on dietary supplements can influence their use by

athletes, particularly at the elite level.

In elite soccer, studies assessing the use of dietary supplements

among players are still scarce (4, 5, 8) and the available results

pointed out health concerns as the main reason for using these

products. Yet, accelerate recovery, improve performance, and

prevent injury are also among the most frequently reported

motivations for using dietary supplements. These data suggest

that male and female elite players consider dietary supplements

as part of the strategies for dealing with physical and

physiological demands of elite soccer. Though, since the training

and playing demands have increased (17), support teams, namely

health and performance professionals, are more required to

attend to the needs imposed by such demanding fixtures

properly. The high number of matches per season [nowadays,

some players from the most competitive teams can play over 60

games per season (18)] and the popularity of soccer also mean

more visibility and scrutiny of the practices and procedures of

players and teams. Additionally, as elite teams and players are

considered the benchmark of good practices for all soccer

players, nutritionists working in the context of elite sports must

be able to ensure evidence-based nutritional strategies are

adjusted to the very specific conditions and needs of the real

world. Thus, the present study aimed to assess the perceptions

and practices of nutritionists supporting elite soccer teams

regarding dietary supplements.
2. Materials and methods

2.1. Participants and settings

The scope of this work was limited to nutritionists working

with soccer players from elite clubs. A list of the nutritionists

working with elite soccer teams from six European leagues

(English Premier League, Spanish La Liga, Italian Serie A,

German Bundesliga, French Ligue 1, and Portuguese Primeira

Liga) and Brazil (Serie A) was defined, based on authorś
personal knowledge, as well as information available from each

club. After approval by the Ethical Committee of the Portugal

Football School (PFS 16/2022), the nutritionists were contacted

via e-mail and professional and personal networks. Invitations to

participate were also addressed to all clubs via institutional e-mail.
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Data collection took place between November 7th 2022 and

February 17th 2023 using an anonymous questionnaire (available

in Supplementary Appendix S1), adapted from a study used for

a similar purpose (12) after obtaining the authors’ permission.

The questionnaire was provided in English and administered

online using Microsoft Forms®.
2.2. Variables and instruments

The questionnaire used in the present study comprised 19

questions grouped into three sections: (a) participants’

information; (b) perceptions about dietary supplements; and (c)

practices regarding the use and recommendation of dietary

supplements. Overall, questions from the original questionnaire

used by Marx et al. (12) were kept, but since it was focused on

nutritionists working within a clinical context, some minor

adaptations were applied in order to fit the nutritional context of

elite soccer. Generally, questions using the word “patients” were

adapted to “soccer players” and questions about the perceptions

and recommendation of dietary supplements were adapted to

include answers regarding the conditions faced by sports

nutritionists (such as, athletic performance enhancement or

fatigue recovery).
2.2.1. Information from participants
Information from participants was collected via open-ended

and multiple-choice questions. Data collected in this section

included the following: age; contractual relationship with the

club; experience, measured as years working with nutrition in a

soccer club context; education, measured as completed degree;

and workload with soccer players.
2.2.2. Perceptions about dietary supplements
In this section, several perceptions about dietary supplements

were assessed using a list of 20 sentences, to which participants

were asked to respond using a 5-point Likert scale (from 1,

strongly disagree, to 5, strongly agree). Questions included

statements regarding participants perception about their personal

interest, training, and knowledge in dietary supplements, about

nutritionists’ role in research, education and prescription of

dietary supplements, and also about dietary supplements use in

soccer.
2.2.3. Practices regarding the use and
recommendation of dietary supplements

Finally, the use and recommendation of dietary supplements

was also assessed with multiple-choice questions. Participants

were asked if they personally used dietary supplements in the

past 6 months, and if they sell dietary supplements as part of

their practice. Recommendation of dietary supplements, as well

as barriers and enablers for recommending were also assessed in

this section.
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2.3. Statistical methods

Statistical analysis was performed using Jamovi 2.3.21.0

software. Normal distribution was tested using the Shapiro-Wilk

test. Descriptive statistics were reported as percentages, as mean

(standard deviation) for variables following a normal distribution

(i.e., age), or median (Q1; Q3) for variables not following a

normal distribution (i.e., participants’ experience). The items of

the 5-point Likert-type scales were grouped into three categories

for the analysis (strongly disagree and disagree; neutral; agree

and strongly agree). The Mann-Whitney test was used to

compare the difference between the experience (continuous

variable, not normally distributed) of participants selling and not

selling dietary supplements (nominal variable, dichotomous). As

Likert-type scales (e.g., recommending dietary supplements) can

be regarded as both nominal and ordinal variables, the following

analysis were conducted. The Kruskal-Wallis test was used to

compare the difference between recommending dietary

supplements (nominal variable, three independent groups) with

regard to participants’ experience (continuous variable, not

normally distributed). Spearman’s correlation was used to assess

the relationship between recommending dietary supplements

(ordinal variable) and the participants’ education (ordinal

variable) and participants’ experience (continuous variable, not

normally distributed). The Fisher’s exact test was used to assess

the association between selling (nominal variable, dichotomous)

and taking dietary supplements (nominal variable, dichotomous).

Finally, the Freeman-Halton extension of the Fisher’s exact test

was used to assess the association between recommending dietary

supplements (nominal variable, three independent groups) and

selling dietary supplements (nominal variable, dichotomous) and

between recommending and taking dietary supplements (nominal

variable, dichotomous). Values of p < 0.05 were considered

statistically significant.
3. Results

One hundred thirty-eight invitations were sent out, with four

recused or undelivered. From those, 69 responses were received

(50.0% response rate); however, three belonged to nutritionists

who refrained from participating due to their club’s policy. Of

the 66 questionnaires obtained, one was excluded due to

incorrect fulfillment. Therefore, 65 participants were included in

the statistical analysis presented (Figure 1).

A resume of participants’ characteristics can be found in

Table 1.
3.1. Perceptions regarding dietary
supplements

Results from the questions assessing nutritionists’ perceptions

regarding dietary supplements using a 5-point Likert-type scale
frontiersin.org

https://doi.org/10.3389/fspor.2023.1230969
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


FIGURE 1

Flow diagram of participant recruitment.

TABLE 1 Participants’ characteristics.

Age 34.7 (5.6)
years

Years as a nutritionist in soccer 6.0 (4.0; 9.3)
years

Education
Diploma 9.2%

Bachelor 26.2%

Masters 50.8%

PhD 13.8%

Contractual relationship with soccer club
Full-time 60.0%

Part-time 32.3%

Consultant/advisor 7.7%

Workload spent with soccer players
Daily 72.3%

At least once a week 26.2%

Occasionally (every 2 weeks, once a month, beginning of
season, upon request)

1.5%

Values are expressed as percentages, mean (standard deviation), or median (Q1;

Q3). Data were available for all participants (n= 65) except for age (n= 63) and

years as a nutritionist in soccer (n= 64).
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are summarized in Figure 2. Almost all participants reported

interest in dietary supplements (95.4% agreed or strongly agreed

with this statement) and considered themselves knowledgeable

about supplementation (95.4%). When asked if they were well

trained in dietary supplements, 76.9% of participants agreed or
Frontiers in Sports and Active Living 0459
strongly agreed, and 87.7% agreed or strongly agreed that they

can access trustworthy information about dietary supplements.

Concerning participants’ perceptions about their professional

colleagues, most believe that nutritionists/dietitians are

knowledgeable about dietary supplements (67.7% agreed or

strongly agreed with this statement) and that nutritionists/

dietitians should be considered an authority on dietary

supplements (93.8%). Additionally, most participants agreed or

strongly agreed that nutritionists/dietitians should play a more

significant role in the prescription of dietary supplements

(83.1%), education regarding dietary supplements (98.5%), and

research on the use of dietary supplements (96.9%).

Regarding participants’ perception of the efficacy and safety of

dietary supplements, approximately half believe dietary

supplements are effective (53.8% agreed or strongly agreed with

this statement); however, only 23.1% agreed or strongly agreed

that dietary supplements are safe.

When asked who the primary source of information on dietary

supplements should be, almost all participants pointed out

nutritionists/dietitians (98.5%), followed by medical doctors

(55.4%), pharmacists (24.6%), and sports scientists (24.6%).

Conversely, when participants were asked who the primary

source of information was, the most frequent responses were

nutritionists/dietitians (73.8%), coach/fitness coaches (67.7%),

and friends and family (53.8%).

Sports performance (physical and physiological) (93.8%),

fatigue recovery (81.5%), and sports performance (mental and
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cognitive) (76.9%) were mentioned as the areas where dietary

supplements are most effective.

Most participants agreed that they are often asked about

dietary supplements (92.3% agreed or strongly agreed with this

statement) and recognized a high demand for dietary

supplements by soccer players (75.4% agreed or strongly agreed

with this statement).

Finally, participants considered that the topics they would like

to learn more about were the usage of dietary supplements for

sports performance (69.2%), specific dietary supplements

(53.8%), and reliable sources of information (30.8%).
3.2. Practices regarding dietary
supplements

Of all participants, 15.4% admitted selling dietary supplements,

with all of them considering there is no conflict of interest in such

practice. When asked about their personal use of dietary

supplements, 58.8% reported taking at least one in the last 6

months.

Participants reported getting information regarding dietary

supplements mainly from evidence databases and academic

journals (93.8%), followed by conferences (58.5%), and guidelines

by their professional bodies (43.1%). Regarding the minimum

level of evidence required before feeling confident in utilizing or
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recommending specific dietary supplements to soccer players,

most participants reported systematic reviews (44.6%),

randomized controlled trials (36.9%), and meta-analysis (7.7%).

Although 26.2% of participants reported not perceiving

barriers to recommending dietary supplements to soccer players,

concerns about the regulation of dietary supplements (50.8%),

potential adverse effects of dietary supplements (26.2%), and

perceived lack of efficacy and quality of dietary supplements

(both with 24.6% of responses), were the most frequent answers.

On the other hand, enablers to recommending the use of dietary

supplements to soccer players included sufficient training

(78.5%), sufficient autonomy to recommend dietary supplements

(63.1%), and sufficient research to show the efficacy, as well as

high-quality dietary supplements available on the market (both

options with 47.7% of responses).

Regarding the factors that might relate to the recommendation

of dietary supplements, relationships between individual factors

(i.e., personal use, selling, experience, and education) and advice

on dietary supplements were investigated. No differences were

found between the median years of experience of participants

who sell and those who do not sell dietary supplements (p =

0.656). In addition, the median years of experience did not differ

with regard to recommending dietary supplements (p = 0.225).

An association between personal usage of dietary supplements

and recommending dietary supplements to soccer players was

found (p < 0.001). However, no association was found between
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selling dietary supplements and recommending their use (p =

0.123), nor between selling supplements and use them personally

(p = 0.175). Finally, no relationships between nutritionists’

experience (p = 0.131) or education (diploma, bachelor, master,

or Ph.D.) (p = 0.861) and recommending dietary supplements

were found.
4. Discussion

In general, nutritionists working with Europe and Brazil’s top

soccer teams demonstrate a high interest in dietary supplements

and consider themselves knowledgeable about them. Most

participants on this survey regularly recommend supplements to

elite soccer players, and most also personally use them.

To the best of our knowledge, this is the first time that the

practices and perceptions of nutritionists working in the context

of elite soccer teams regarding dietary supplements have been

explored. In 1993, Grandjean (10) assessed sports nutritionists’

practices, including recommendations regarding dietary

supplements, among others. More recently, similar works have

assessed the beliefs and attitudes towards dietary supplements of

nutritionists working in a clinical context (11–13). Notably,

differences in some of the objectives and methodology between

studies make it difficult to compare results. Even so, topics such

as interest, perceived knowledge, and recommendation of dietary

supplements, as well as personal usage by nutritionists, were

assessed in these studies.

In our work, 95.4% of the nutritionists agreed or strongly

agreed that they are interested in dietary supplements, a higher

percentage than that found in previous studies: in 2006,

Hetherwick et al. (11) found that 87% of registered dietitians in

the USA were interested in dietary supplements, and, in 2016,

Marx et al. (12) reported that 68% of dietitians in Australia

agreed or strongly agreed that they are interested in dietary

supplements.

When comparing the perceived knowledge about dietary

supplements, we can also observe differences between

nutritionists working with elite soccer teams (95.4% agreed or

strongly agreed that they are knowledgeable about dietary

supplements, according to our findings) and those working in

the clinical context [60% agreed or strongly agreed that they are

knowledgeable about dietary supplements, in the survey by Marx

et al. (12)]. More recently, a survey conducted among licensed

dietitians working in a clinical context in Lebanon (13) assessed

knowledge about dietary supplements, founding that 30% had a

good knowledge score and 46% had a very good knowledge score.

Regarding their practices, 70.8% of nutritionists working with

elite soccer teams agreed or strongly agreed that they regularly

recommend dietary supplements. These results compare similarly

with the ones found among registered dietitians in California

(74% of participants declared to recommend dietary

supplements) (13), but are higher than those reported by more

recent works: only 27% of dietitians in Australia agreed or

strongly agreed that they regularly recommend dietary

supplements (12). And in 2021, 39.5% of licensed dietitians in
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Lebanon reported recommending dietary supplements to their

patients (13).

Interestingly, in our study, the percentage of nutritionists

declaring to use dietary supplements personally (58.8%) was lower

when compared to the results from the surveys carried out with

professionals working in a clinical context; 65% of dietitians in

Australia (12), 69% of dietitians in California (11) and 73.7% of

dietitians in Lebanon (13) declared to use dietary supplements. In

the survey conducted by Grandjean (10), 55.0% of the sports

nutritionists declared using dietary supplements. On the contrary,

we found a higher percentage (15.4%) of nutritionists claiming to

sell dietary supplements compared to 4% reported by Marx et al.

(12) and 5.3% in the work of Nacouzi et al. (13).

The specific context of sports nutrition, where dietary

supplements can be used for performance-enhancement purposes

and not only to compensate for nutritional deficits or, allegedly,

prevent diseases, might explain some of the differences between

the results observed in our survey and those conducted among

dietitians working in a clinical context. Dietary supplements such

as creatine, caffeine, or protein powders currently gather broad

consensus and evidence regarding the benefits for athletes’

physical performance and body composition management (1, 7,

19–21), meaning that nutritionists working with elite soccer

players may be more likely to recommend these substances. Also,

the health and performance demands of elite soccer might also

explain why nearly all nutritionists who participated in our

survey considered themselves interested and knowledgeable about

dietary supplements, more than their fellows working in a

clinical context (11–13). These results should be interpreted with

caution as these variations might also be related to differences in

cultural habits, purchase power, and availability of dietary

supplements in each country, as studies were conducted in the

United States of America (specifically in California), Australia,

Lebanon, and, in our study, in six different European countries

and Brazil. It is also worth comparing the results from our

survey with the available data from elite players’ responses to

questionnaires about the usage of dietary supplements. Although

70.8% of the nutritionists inquired agreed or strongly agreed to

regularly recommended dietary supplements, reported use of

these substances by elite players ranges between 82.0% (8) and

98.2% (5). This might suggest that players can be using dietary

supplements by themselves or recommended by others than the

nutritionists from their clubs. But it should be mentioned that

the available studies regarding the usage of dietary supplements

by elite players are from Turkey (5), Saudi Arabia (4) or female

National Teams (8), whilst our survey was conducted with

nutritionists from six elite European Leagues and Brazil.

Additionally, it would be worth understanding if the dietary

supplements reportedly used by elite players coincide with those

recommended by nutritionists and with established evidence

regarding their benefits. Although the questionnaire used did not

assess which dietary supplements participants recommend to

players, sports drinks, vitamins (vitamin C, vitamin D, and

multivitamins) and minerals (namely, magnesium) have been the

most frequently reported by soccer players in previous studies (4,

5, 8). Participants in our survey recognize sports performance
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(athletic and cognitive) and fatigue recovery as the areas where

dietary supplements can be most effective, which is supported by

evidence from recent systematic reviews with professional and

elite soccer players (22, 23). Even if it is not possible to directly

compare results from available surveys conducted with players

and nutritionists, it would be relevant to understand if there are

differences between practitioners’ recommendations and dietary

supplements used by players, as this raises efficacy and safety

questions. Therefore, future research should address these issues,

either through validated tools for the specific context of elite

soccer, or through the application of questionnaires to

nutritionists and players supported by them. We believe this will

allow a better understanding of how nutritionists’ perceptions

and practices impact elite soccer players’ dietary supplement

usage and, consequently, their overall performance.
4.1. Strengths and limitations

To our knowledge, this is the first work about the perceptions

and practices of nutritionists on dietary supplements for elite

soccer players. Research with elite athletes is typically more

scarce, either because these athletes are fewer, or because their

availability to participate in studies is also more limited. Given

the role of nutritionists working in the context of elite soccer in

the definition and application of nutritional strategies, this survey

allows a first portrait of the opinion of these professionals and

their recommendations. The results of this work clearly show

that nutritionists working with major leagues clubs are interested

and dedicated to knowing more about dietary supplements and

their applications in the specific context of elite soccer.

Additionally, the application of instruments already used in

previous surveys, contributes to a better understanding of the

perspectives of these nutritionists, when compared with

colleagues who work in a clinical context.

Even so, the present survey has some limitations to consider in

future research. Given that the questionnaire used in this work was

adapted from one designed and validated for a clinical context, it

should be considered the development of a specific questionnaire

for professionals working in sports nutrition. This questionnaire

may include not only the perceptions, but also directly assess

some nutritional knowledge. Finally, it will also be relevant that

the tools to be developed for this purpose include questions

about which supplements are recommended by nutritionists and

reasons for doing so.
5. Conclusions

Current evidence about the benefits of dietary supplements on

athletic performance and recovery, paired with the great interest

shown by players, are important reasons for knowing perceptions

and practices of nutritionists working with elite soccer teams. For

the first time, these practitioners’ perspectives were explored,

resulting in better knowledge on their opinion about dietary

supplements and their recommendation to elite soccer players.
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Next steps in the research of this topic should contribute to

understand how the nutritionists’ recommendations are followed

by players.
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1. Introduction

Marine ecosystems, a prominent reservoir of biodiversity, have been globally

acknowledged for their vast potential as sources of food and bioactive compounds. In

recent years, an increasing number of studies have reported the discovery of novel

proteins and peptides from marine organisms, thereby highlighting the untapped potential

of these resources (1). These marine-derived proteins and peptides, owing to their unique

amino acid composition, bioavailability, and bioactive properties, are being explored as a

promising source of nutraceuticals and functional food ingredients (2) (Table 1).

Functional foods, or nutraceuticals, are dietary elements with added ingredients that

offer health benefits beyond basic nutrition. They serve to enhance overall health, boost

the immune system, reduce the risk of illness, and manage health conditions. Among the

array of potential ingredients for functional foods, peptides have garnered significant

attention. Peptides are short chains of amino acids that can be designed to have specific

physiological benefits based on their structure and composition. They have been observed

to possess various bioactive properties, such as antioxidant, antimicrobial, and anti-

inflammatory activities, which potentially contribute to human health and wellbeing (3, 4).

The rapidly growing interest in functional foods is mirrored in the field of sports

nutrition, where diet strategies aimed at optimizing athletic performance and recovery

have become progressively more nuanced and specialized. Athletes continuously seek
01 frontiersin.org64
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TABLE 1 Marine-derived protein observed in several studies.

Products/samples Value/bioactivities Reference
1 Antioxidant peptide Leu-Trp-His-Thr-His (LWHTH) from Styela clava

(marine tunicate) (48)
ACE-Inhibitor Kang et al. (2020)

2 Novel NCWPFQGVPLGFQAPP peptide (NCW peptide) from Marphysa
sanguinea (marine polychaeta) (49)

antioxidant and anti-inflammatory Park et al. (2020)

3 PFAOP peptide from Pinctada fucata (marine bivalve) (50) Antioxidant Ma et al. (2021)

4 HVGGCG peptide from Oratosquilla woodmasoni (marine squilla) (51) ACE-Inhibitor and antioxidant Joshi et al. (2021)

5 Gln-Trp-Arg Peptide from Gadus chalcogrammus (marine fish) (52) Enhance glucose uptake to the muscle and lower blood glucose
level

Ayabe et al. (2015)

6 Phe-Gly-Met-Pro-Leu-Asp-Arg (FGMPLDR; MW 834.41 Da) and Met-Glu-
Leu-Val-Leu-Arg (MELVLR; MW 759.43 Da) peptide from Ulva intestinalis
(microalgae) (53)

ACE-Inhibitor Sun et al. (2019)

7 SFYYGK, RLVPVPY, and YIGNNPAKG peptide from Gracilariopsis
lemaneiformis (marine red algae) (54)

ACE-Inhibitor Su et al. (2022)

8 two phycobiliproteins (PBP): C-phycocyanin (C-PC) and allophycocyanin
(APC) from A. plantensis (microalgae) (8)

Improve glucose metabolism Karunarathne et al.
(2020)

9 Val-Glu-Cys-Tyr-Gly-Pro-Asn-Arg-Pro-Gln-Phe (chlorella-11) from C.
vulgaris and Leu-Asn-Gly-Asp-Val-Trp from C. ellpsiodea (microalgae) (55)

anti-inflamatory, blood glucose regulator Ramos-Romero
et al. (2021)

10 Skipjack Enzymatic Peptide (SEP) from Katsuwonus pelamis (marine fish) (56) Anti-inflammatory Wang et al. (2019)

11 DPP-IV inhibitor peptide from Phaeodactylum tricornutum and Porphyridium
purpureum (microalgae) (57)

Antioxidant and antidiabetic Stack et al. (2018)

12 DPPH-Scavenging peptides from Dunaliella salina (microalgae) (58) Provitamin A, antioxidant, and food suplement for athlete diet Çelebi et al. (2021)

13 Astaxanthin, carotenoids, protein, lutein, and fatty acid from Haematococcus
pluvialis (microalgae) (59)

Anti-inflammatory, antioxidant, heal muscle soreness Oslan et al. (2021)

14 GIISHR peptide from Mustelus griseus (Marine fish) (60) Antioxidant Ahmadi-Vavsari F
et al. (2019)

15. I. galbana peptide from Isochrysis galbana (microalgae) (61) Anti-inflammatory Bonfanti et al.
(2018)

16 Marine peptide hydrolysate from salmon fish (62) Metabolic influences during endurance cycling Siegler et al. (2013)

17 Sardine scale peptide (63) Improvement of the speed and strength indicators of the athletes
from the test group and acceleration of recovery of the athletes
after physical training

Mezenova et al.
(2021)
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innovative dietary strategies that can safely improve performance,

enhance recovery, and maintain overall health. The development

of functional foods targeted at athletes, thus, represents a

significant area of potential growth and research. Current trends

in this field include the use of natural and sustainable sources of

proteins and peptides, personalized nutrition strategies, and a

focus on enhancing both physical and mental aspects of

performance (5).

Despite the promising potential of marine-derived proteins and

peptides in the development of nutraceuticals, there are still

significant gaps in our understanding. The bioactivity of these

compounds is influenced by several factors including their

source, extraction methods, and the individual’s physiological

response, all of which need to be comprehensively understood to

maximize their benefits. Moreover, the specific applications of

these marine-derived proteins and peptides in sports nutrition

are relatively unexplored. Athletes have historically harnessed the

nutritional advantages of various marine products to enhance

their performance and recovery. Among these, fish-based

products have been particularly popular. Fish oil supplements,

rich in omega-3 fatty acids, have been widely used to reduce

inflammation, improve joint health, and support cardiovascular

function in athletes. Additionally, marine protein supplements,

often derived from sources like fish and shellfish, offer a

concentrated source of essential amino acids, aiding in muscle

repair and growth. Marine collagen supplements, obtained from
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fish scales and skin, have gained traction for their potential to

enhance joint and connective tissue health, crucial for athletes

engaging in high-impact activities. Furthermore, certain marine

algae, such as spirulina and chlorella, have gained attention for

their nutrient density, including protein content, making them

suitable additions to athletes’ diets for improved energy and

recovery. These marine-derived products exemplify the diverse

range of options available to athletes seeking to optimize their

nutritional intake and gain a competitive edge (6).

The aim of this article is to review the potential of marine-

derived proteins and peptides as a novel source of nutraceuticals,

with a specific focus on their application in enhancing athletic

performance. We strive to elucidate the current knowledge

regarding their bioactive properties, discuss the challenges in

their extraction and utilization, and explore the potential

pathways for their incorporation into functional foods aimed at

athletes. Ultimately, we hope to contribute to the broader

understanding of marine bioresources and their role in the future

of sports nutrition.
2. Marine natural product as
bioresources in foods term

The marine environment is a reservoir of various natural

products that have been widely used for medicine and beauty
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FIGURE 1

Marine organisms and their bioactive properties.
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supplements, and have become a source of creation of new

functional foods and nutritional supplements (1, 7).

Carbohydrates, polyphenols, peptides, proteins, pigments, and

essential fatty acids are examples of bioactive compounds

obtained from various types of marine organisms, such as

prokaryotes, algae, crustaceans, and other invertebrates, as well as

various vertebrates (8, 9). Marine organisms have developed a

wide range of bioactive chemicals that are not found in other

organisms due to the diversity of their complex living conditions

that give them a unique way of survival to grow and reproduce

(8, 10). One of the widely used bioactive compounds is marine-

derived peptides. Marine organisms that are well known for their

peptide benefits are tunicates, fishes, seaweed, and various

microorganisms (1). Here are some marine natural products as

bioresources in food terms (Figure 1).
3. Marine-derived molecules and their
nutritional values

In the past few years, functional and bioactive compounds from

marine organisms such as sponges, bacteria, mollusks, and algae

have been shown to have beneficial effects on health and could

potentially be applied in medical activities (11). Unique bioactive

compounds found in marine organisms, for example, peptides,

polysaccharides, and fatty acids (12). Peptides from marine

organisms are involved in the fundamental mechanisms that

allow organisms to sustain life, including their reproduction,
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growth, and defense (13). The method for producing marine

bioactive peptides is by solvent extraction or microbial protein

fermentation which produces fragments with 3–20 amino acid

residues (11). Marine-based purified peptide was found to exhibit

potent ACE Inhibitor activity (12). Peptides derived from

seaweed have shown potential to prevent cardiovascular disease

and diabetes (14). Bioactive peptides sourced from fish are

proposed to have an impact on the pathways that play a role in

controlling blood pressure, as well as in regulating lipid and

glucose metabolism and body composition (13). Peptides are also

a promising alternative to antibiotics, such as peptide extracted

from Mytilus coruscus (15).

Furthermore, bioactive peptides from marine microorganisms

are starting to be applied as part of athlete’s diet (16). Bioactive

peptides were found to have a positive effect on body

composition, namely increasing lean body mass and decreasing

fat mass (17). Other effects include increasing muscle strength

(17, 18), enhancing glucose intake into muscles (19), helping to

heal muscle soreness and recovery from heavy exercise (20), and

increasing the amount of upregulated proteins (myosin proteins,

actin-binding proteins and tropomyosins) associated with

resistance exercise adaptations (21). In addition, bioactive

peptides have also been found to increase the translocation of

GLUT-4 and GLUT-1 glucose transporters from the cytoplasm

to the plasma membrane (22) which can have an impact on the

enhancement of muscle glycogen and provide anti-stress effect

(23). The ACE-inhibitory effect of bioactive peptides has also

been found to improve endothelial function which is potentially
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beneficial for endurance sports (24, 25). Moreover, plasma

biomarkers for muscle damage and inflammation were found to

be lower in the group with bioactive peptide supplementation

which shows that bioactive peptides can accelerate

musculoskeletal adaptation and recovery through the possibility

of extracellular matrix remodeling (26, 27).

Branched-Chains Amino Acids (BCAAS) consisting of

leucine, isoleucine, and valine as peptide forming products also

have many benefits for muscles, such as stimulating the

synthesis of muscle protein (28), increasing physical

performance, muscle strength, and muscle mass (29), and

limiting muscle damage resulting from exercise (30). BCAA

supplementation has been proven to improve the performance

of athletes. Cheng et al. found that the supplementation of the

BCAA could enhance endurance performance in college runners

(31). Meanwhile, Chen et al. found that the supplementation of

BCAA could alleviate the exercise-induced central fatigue in

taekwondo athletes (32). In addition, leucine as a dietary

supplement was also found to have an important therapeutic

role in stress condition like burn, trauma, and sepsis, and also

useful in slowing the degradation of muscle tissue. Leucine was

found very high in various type of fishes, such as S. Waitei,

R. Kanagurta, L. Rohita, C. Mrigala, C. Batrachus and

H. Fossilis. Isoleucine is found in O. Mykiss and L. Rohita (33).

Other studies found that leucine, isoleucine, and valine were

contained in various other marine products such as tunas,

mackerels, emperor fish, silky shark, and crustaceans such as

lobsters and crabs. A serving of fish is found to provide

approximately around or above 100% of the daily amounts of

other essential amino acids recommended by the FAO and

WHO, and a serving of crustaceans from the Palinuridae (spiny

lobster) and Raninidae (spanner crab) families can be found to

cover 60- 67% of valine, leucine, and isoleucine (34).

Marine products have the potential to be a source of ergogenic

aids. Fish dan algae contain abundant beta alanine, creatine, and

hydroxymethylbutyrate (HMB) that can improve the

performances of athletes (35, 36). Beta alanine was proven to

Increase time to exhaustion in athletes and increasing power

output during strength training (37, 38). Creatine supplement

was found to be able to delay fatigue at the time of exercise (39).

Supplementing with HMB in athletes offers several benefits,

including a favorable decrease in body fat while increasing lean

muscle mass, enhancing anaerobic peak power, average power,

and reducing post-anaerobic exercise lactate levels. Additionally,

it helps limit the elevation of stress hormone response,

preventing overreaching (40, 41).

Marine-derived antioxidants could also improve athlete

performance and immune function by inhibiting the formation

of muscle oxidative stress (42). Attenuation of oxidative stress

found in young soccer athletes with antioxidant supplementation

which was characterized by an increase in markers of lipid

peroxidation malondialdehyde and total lipid peroxidation as

well as a decrease in the ratio of glutathione to oxidized

glutathione (43). Athletes who train at high altitudes also benefit

from antioxidant supplementation, namely by reducing

deformation of red blood cells (44). Reduced recovery period and
Frontiers in Sports and Active Living 0467
delay of fatigue were also found when administering antioxidants

immediately before and during exercise (45).

ACE-inhibitor content found in marine products also provides

benefits for athlete performance. When exercising, the heart rate

will increase to circulate blood throughout the body. An increase

in heart rate will cause an increase in blood pressure, called

autoregulation. The components of marine peptides have the

opportunity to act as ACE inhibitors which work by inhibiting

the enzyme that converts angiotensinogen to angiotensin (12).

This will help control blood pressure. This condition causes

dilation of blood vessels and a decrease in blood pressure. Marine

peptide compounds help the heart work more efficiently and with

less effort. This can reduce the risk of overworking the heart

when athletes do intensive exercise. During intense exercise, blood

pressure can increase significantly due to the increased oxygen

demand by the muscles. This is the body’s normal response to

the physical load exerted during exercise. In addition to helping

the heart work more efficiently, the opportunity of ACE

inhibitors on marine peptides can provide additional protection

for the kidneys. This effect can help reduce pressure on the

glomerulus and the athlete’s kidneys do not do extra work.

After exercise, there is a gradual decrease in blood pressure to

normal levels or even below. This is caused by the release of blood

vessel relaxing hormones, such as nitric oxide, which helps blood

vessels widen and allows better blood flow (46). Marine’s peptide

compound has the opportunity to become an alternative food for

athletes. Although there is research that currently states that the

use of ACE inhibitor drugs has a non-synergistic effect on

athletes, the use of natural ingredients in the form of Marine

peptide compounds has not been studied further (47).
4. Future implication and direction in
nutraceutical application for athletes

Advanced nutritional interventions are one of the main

subjects of elite sports performance globally. Moderate to high

intensity sports require a high percentage of muscle mass with

minimum body weight to generate the maximum power.

Nutraceutical foods can be useful, to prevent and treat athletes’

typical ailments, also improving their performance (64). Some

negative physiological changes occur in long-lasting heavy

training with immune system disturbance, inflammation, and

stress oxidative could be deprived. Athletes and coaches ought

to conduct thorough assessments tailored to each athlete’s

unique needs. To do so, they can delve into scientific

information, focusing on essential aspects. For instance, in-

depth analysis of human physiological fluids like blood, urine,

and feces can provide valuable insights into dietary necessities

and nutritional objectives. This information can then inform

the selection of appropriate medical supplements and sports

nutrition. These personalized dietary plans can be customized

to cater to an athlete’s requirements through various means,

such as consolidating multiple nutrients into a single delivery

method or integrating diverse delivery systems containing

different nutrients (Figure 2) (65, 66).
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FIGURE 2

Marine-derived protein has beneficial effect to enhance sport performance and endurance by influence (1) ACE-inhibitor regulation affect to blood
pressure regulation; (2) Antioxidant-enzyme expression affect to reducing acute fatigue and suppress reactive oxygen species (ROS) production; (3)
glucose & lipid regulation affect to energy enhancing; and (4) decrease joint and muscle Marine-derived protein has beneficial effect to enhance
sport performance and endurance by influence (1) ACE-inhibitor regulation affect to blood pressure regulation; (2) Antioxidant-enzyme expression
affect to reducing acute fatigue and suppress reactive oxygen species (ROS) production; (3) glucose & lipid regulation affect to energy enhancing;
and (4) decrease joint and muscle injuries.

Penggalih et al. 10.3389/fspor.2023.1281397
In recent years, there has been a growing interest in the potential

of marine-derived substances to combat obesity-related health issues,

such as dyslipidemia, diabetes, oxidative stress, and inflammation.

These bioactive compounds have shown promising effects in

addressing these conditions and have thus become a focus of

research and development. Marine-based products, known for their

abundance of natural bioactive molecules like omega-3 fatty acids,

proteins, biopeptides, carotenoids, glucosamine, and minerals, have

the potential to be developed into a valuable source of nutritional

food for athletes. These products offer a range of benefits, including

enhanced performance, improved recovery, and overall support for

the unique nutritional needs of individuals engaged in intense

physical activity (64). Recent studies have shown that omega-3 fatty

acids, found in marine-based products, can have a significant

impact on the metabolic and functional responses of skeletal

muscle during exercise training. These fatty acids not only offer

potential anti-inflammatory and antioxidant benefits but also

contribute to faster cell regeneration, aiding in the recovery process

for athletes (64–67). Another example is positive impact on

muscular performance and reduced muscle damage found after

administration of bioactive peptides (68). This shows that as a

nutritional source that is environmentally friendly and has a

diverse product offering, as well as possessing many unique

nutrients that are not often found in traditional sports supplements,
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marine-derived products could be a sustainable source of

supplements for athletes and able to compete effectively with

established commercial athletic products. Currently, there is a lack

of knowledge regarding the suitable type and concentration of

various bioactive components for specific individuals. As a result, it

is anticipated that in the coming years, new formulations will be

developed, considering potential benefits over traditional ones and

advancements in oral bioavailability. These advancements may

involve the use of innovative techniques to enhance the delivery and

effectiveness of marine-based bioactive compounds. Further studies

were needed focusing on marine-derived protein development and

functional food manufacturing for high-performance athletes.

Practical forms in a combination of marine-derived protein with

daily dietary intake or as a dietary supplementation were expected.

This article calls on researchers to promote marine-derived

bioactivities, especially in the athlete population.
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Introduction: Dance is a highly demanding physical pursuit coupled with pressure

to conform to aesthetic ideals. Assessment of health status and preventative

health knowledge of pre-professional dancers may help inform educational

strategies promoting dancers’ health and career longevity. The aim of this

research was to establish a baseline understanding of dance students at a single

pre-professional institution based on metrics focused on current health, nutrition,

lifestyle, and wellbeing while also gauging knowledge of longer-term health

implications.

Methods: Adopting a cross-sectional study design, the Dance-Specific

Energy Availability Questionnaire was tailored for Australian participants and

administered online.

Results: The response rate was 59.5% (69/116 eligible students) and the survey

was completed in full by 63 students. Mean BMI was 20 kg/m2, although

among females, 47% had a BMI < 20 (range 16 to 25 kg/m2), and at their

lowest reported weight BMI was 14 to 25 kg/m2. Over a third had either

experienced (31%) or were currently experiencing (3.4%) secondary amenorrhea

(period absence ≥ 3 consecutive months). Most dancers did not exclude food

groups, however, 24% had been advised to exclude particular foods in the past,

mostly by dance teachers. A large percentage used nutritional supplements

(68%) with 60% supplementing with iron and more than half (53%) taking two

or more supplements. Only 25% had ever utilised a qualified dietitian, although

16% reported a history of eating disorders and 25% reported vegetarian or vegan

eating patterns. REDs risk scores ranged from −16 to +16 points with negative

scores indicating LEA and higher risk of REDs. The mean score for males was 5.2

(SD = 3.9) and 2.1 (SD = 5.9) for females, with 33.3% producing a negative score.

Conclusion: Results provide insight to health knowledge and particular issues

pertinent for dancers and highlights the need for specific education strategies

to promote a preventative health focus for those entering a pre-professional

programme. This study also highlights the need for improved awareness of LEA

and REDs among all practitioners working with dancers along with cultural and

structural changes within the broader dance community to help protect and

promote the wellbeing of dancers.
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1 Introduction

Dance training at a pre- and professional level is a highly
demanding physical pursuit coupled with pressures for dancers to
conform to aesthetic ideals. Rehearsal and performance volumes in
professional ballet (mean 19.1 to 27.5 h per week and as high as
40 h per week) are much higher than training and competitions in
elite sport and are likely to underpin end-of-season performance
reductions and high rate of burnout among ballet dancers (1–
3). While training demands are high in dance at a professional
level (e.g., full-time role in a company), dancers training at a pre-
professional level (such as at a full-time vocational or tertiary
institution) are also faced with high volumes of physical training,
along with juggling external stressors such as academic workload
and living away from home for the first time (4).

Low energy availability (LEA) is defined as “any mismatch
between dietary energy intake and energy expended in exercise
that leaves the body’s total energy needs unmet, that is, there is
inadequate energy to support the functions required by the body to
maintain optimal health and performance” (5). High training and
performance volumes in dance coupled with inadequate dietary
intake can place a dancer at risk of low energy availability (6).
Among dancers, there is reportedly a high prevalence of disordered
eating (including excessive exercise in fear of gaining weight) and
eating disorders (7, 8), restricting energy intake or engaging in
excessive exercise can increase the risk of LEA. Recent studies
have highlighted the importance of health and nutrition education
among dancers to promote knowledge and awareness to potentially
reduce LEA, disordered eating patterns, and injury risk while also
assessing the supports needed for dancers entering into higher
education (9, 10).

Despite LEA being first described in female dancers, the
literature has been more broadly applied to other sports. Relative
energy deficiency in sport (REDs) in particular, has gained
the attention of the International Olympic Committee (IOC)
and has recently been redefined as “impaired physiological
and/or psychological functioning experienced by female and male
athletes that is caused by exposure to problematic (prolonged
and/or severe) low energy availability. The detrimental outcomes
include, but are not limited to, decreases in energy metabolism,
reproductive function, musculoskeletal health, immunity, glycogen
synthesis and cardiovascular and haematological health, which
can all individually and synergistically lead to impaired wellbeing,
increased injury risk and decreased sports performance” (5).
The key precipitator of this syndrome is LEA. The estimated
prevalence of LEA/REDs in female athletes is 23 to 79.5%
and in male athletes, 15 to 70% (5). These rates are across
a wide range of sports with broad prevalence ranges due
to inconsistent definitions and research methodologies (5).
Previous studies in elite dance report 65% of female vocational
(or pre-professional) ballet dancers (11), 40% of professional
female dancers (12), and 57% female and 29% of male pre-
professional, professional, and advanced amateur dancers (6)

Abbreviations: BMI, body mass index; DEAQ, Dance-Specific Energy
Availability Questionnaire; IOC, International Olympic Committee; LEA, low
energy availability; METs, metabolic equivalent of task; REDs, relative energy
deficit in sport; WAAPA, Western Australian Academy of Performing Arts.

to be at risk of LEA or REDs. Among Norwegian jazz and
contemporary university dance students, a reported 20 to 60%
of dancers indicated symptoms of LEA, anxiety or depression,
and/or symptoms of eating disorders and disordered eating
behaviours (8).

Benchmarking health status and preventative health knowledge
of those entering a pre-professional programme may help inform
the required educational strategies to promote longevity in careers
and optimal long-term health among dancers. Previous findings
from a study among dancers suggest that the incidence of LEA
and subsequent risk of REDs is higher (particularly among females)
than awareness of these terms (6). Despite health and nutrition
being highly rated by dancers in terms of interest, many pre-
professional dance training institutions do not commonly include
curriculum in these areas (10).

The aim of this research was to establish a baseline measure
of students at a single Australian pre-professional institution
based on a range of metrics focused on current health, nutrition,
lifestyle, and wellbeing while also gauging knowledge of longer-
term implications. The opportunity was to obtain insights for
educational opportunities of dancers more generally, which could
also be applied in younger age groups of vocational dancers where
patterns of behaviour are established.

2 Materials and methods

2.1 Study design

A cross-sectional study design was adopted. Data collection
took place in September 2022 via a self-administered anonymous
online survey. The survey was based on the Dance-Specific
Energy Availability Questionnaire (DEAQ) developed by Keay
et al. (6). The DEAQ has been developed and administered by
Keay et al. (6) specifically for dancers aimed at measuring and
understanding the prevalence of LEA (6) and forms a useful
screening tool for assessing risk of REDs. The DEAQ draws on three
validated questionnaires, the Low Energy Availability in Females
Questionnaire (LEAF-Q), a Sports Specific Energy Availability
Questionnaire (SEAQ-I), and the IOC REDs clinical assessment
tool (REDs CAT), and includes questions addressing the recognised
physiological indicators of LEA, other potential correlates with
LEA such as injury or illness and a basic nutrition assessment (6).
Questions in the DEAQ relating to key food groups and serves
of dairy were adapted in alignment with the Australian Guide to
Healthy Eating (13). Vaping was added to the question related to
smoking. An additional question was added to separate out the
number of days of dancing missed due COVID-19 from other
illness.

The anonymous online survey was developed in Qualtrics XM
PlatformTM (Provo, UT, USA) and pilot tested with five external
dancers. The final 15-min survey consisted of 62 questions and
used an open and closed questionnaire design with free text,
multiple-choice responses and Likert scale questions. The survey
was divided into six parts: (1) brief demographic information and
dance background; (2) anthropometric data and dance training; (3)
medical history, medications, and lifestyle; (4) smoking status; (5)
injuries and sick days; (6) general health and nutrition knowledge.
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Scored questions (20/62) included weight/height (for calculation
of body mass index; BMI), hormonal indicators specific to males
and females, limitations on dietary patterns (including key food
groups), smoking status, injuries, sleep patterns, and control
tendencies including past medical history of eating disorders. Two
questions that were scored within the REDs risk score related
to how controlling weight and controlling eating affects dancers.
These were assessed on a scale from 0 (“doesn’t affect me”) to
6 (“affects me greatly”). See Keay et al. (6) for specific DEAQ
questions and REDs risk scoring tool. Ethical approval for this
study was obtained through HREC at Edith Cowan University
(REMS NO: 2022-03575-NICHOLAS) and HREC at the University
of New South Wales.

2.2 Participants and procedure

Participation was open to all dance students at the Western
Australian Academy of Performing Arts (WAAPA) regardless of
age or year of study. Students were enrolled in either a ballet or
contemporary-focused full-time dance programme, however, they
are trained in both dance styles as well as other genres. Participation
was optional and voluntary, and not linked with academic
attainment. Written parental consent was sought for all participants
< 18 years. Participant consent was obtained from all participants
via the survey tool. An online survey link was distributed to
the whole cohort via standard student communication channels
including online announcements and weekly meetings. Participants
were able to complete the survey in their own time using the link
provided, a studio space was also provided to students following
weekly meetings.

2.3 Data analysis

Participant response data was exported from Qualtrics (Provo,
UT, United States) to a Microsoft ExcelTM spreadsheet (Version
16.53, Washington, DC, USA) for calculation of LEA and REDs
score. Descriptive statistics (means, standard deviation, ranges, and
frequencies) for quantitative data were calculated using IBM SPSS
(Version 29.0, Armonk, NY, USA). A summary report of free text
response was also generated by Qualtrics (Provo, UT, United States)
to assist with the qualitative data analysis. Free text responses were
reviewed and collated and where necessary, content analysis was
conducted and assigned to reoccurring themes by one researcher
and independently checked by the other.

3 Results

3.1 Participant demographics and dance
background

The survey was attempted by N = 69 of 116 enrolled dance
students, providing a response rate of 59.5%. The survey was
completed in full by n = 63, providing a completion rate of
91%. Due to the independent nature of each question, all survey

responses, inclusive of those partially completed, were included
in the final analysis with varied participation numbers reflected
in the results. The majority of respondents were female (88.8%,
n = 56) and aged between 16 and 24 years (mean 19.24 years) with
most (51.6%, n = 33) from the first-year cohort. Table 1 provides
detailed demographic characteristics and dance background of
study participants. There was a large range in the age when
participants first commenced dance training, from 1 to 17 years
(mean age 5.2 years), with a mean transition to full time training
at 16.5 years (10 to 21 years of age).

3.2 Anthropometric measures and
activity exposure

Anthropometric and activity exposure data is displayed in
Table 2. Self-reported body weight for males ranged from 68 to
85 kg and for females ranged from 43 to 73 kg. Mean body mass
index (BMI) for all participants was 20.5 kg/m2 (within the healthy
weight range). Mean BMI for males was 23.3 kg/m2 (range 19.9
to 26.7 kg/m2) and for females was 20.2 kg/m2 (range 16.5 to
25.3 kg/m2), with 47% of female dancers reporting a BMI < 20.
Participants were also asked to report their lowest body weight for
current height. At their lightest weight, BMI for female dancers
ranged from 14.6 to 25 kg/m2 with 61% reporting a BMI < 20.

When asked about how often they weighed themselves, most
dancers reported they did not weigh themselves (62.3%). Of those
who did weigh, the mean frequency was 4.8 days/week and 17.4%
reported they weighed themself less than weekly. Very few reported
being weighed at a previous studio (n = 2/69), with weigh-in
frequency being weekly. More than one-third of dancers (n = 24/69)
had been told to lose weight at some point prior to commencing at
WAAPA, mostly by past teachers.

When asked about what weight they dance best at, 34%
either stated their current weight or provided the same numerical
measure as their current weight, whereas 62% stated a lower
weight from 0.5 to 7 kg lower than their current stated weight.
Two dancers provided a higher weight in comparison to their
current stated weight. Linked with this, 62.5% believe a lower
weight was more likely to help them attain a leading role. Almost
a third of dancers (28%) dancers reported not knowing or not
weighing themselves and therefore did not provide a response
to this question.

Participants reported dancing an average of 21.4 h per week
(range 5 to 40 h), the large range in volume may have been impacted
by dancers who were injured and not dancing at the time of data
collection. Additionally, training and performance requirements
differed greatly between cohorts at the time of data collection. Most
dancers (81.5%) reported doing additional supplementary fitness or
cross training for an average of 2.8 h per week (range 1 to 10 h).

3.3 Hormones and menstrual cycle

Male dancers made up a small portion of respondents (n = 5),
all reported morning erections, mostly 3 to 5 days per week.

Among females (n = 58), menarche was reported by 67.2%
between the ages of 12 and 14 years, with 24.1% delayed until after
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TABLE 1 Demographic characteristics including dance background
of participants.

Demographic variable Mean ± SD Count (%)

Gender (n = 63)

Female 56 (88.8)

Male 4 (6.3)

Non-binary 2 (3.2)

Not listed or other 0 (0)

Prefer not to say 1 (1.6)

Biological sex (n = 63)

Female 58 (92.1)

Male 5 (7.9)

Age in years (n = 67) 19.2 ± 1.4

16–17 years 4 (6.0)

18–20 years 50 (74.6)

21–24 years 13 (19.4)

Age started dancing (n = 67) 5.2 ± 3.1

1–5 years 46 (68.7)

6–10 years 18 (26.9)

11–17 years 3 (10.4)

Age transitioned to full-time training
(n = 67)

16.5 ± 2.3

Current year of study (n = 64)

First 33 (51.6)

Second 17 (26.6)

Third 13 (20.3)

Fourth 1 (1.6)

Prior residential location (n = 68)

Australian Capital Territory 5 (7.4)

New South Wales 9 (13.2)

Northern Territory 2 (2.9)

Queensland 5 (7.4)

South Australia 3 (4.4)

Tasmania 0 (0.0)

Victoria 7 (10.3)

Western Australia 37 (54.4)

Other/overseas 0 (0.0)

Current main dance genres (n = 68)

Classical ballet 53 (76.8)

Contemporary/modern 64 (92.8)

Jazz/musical theatre 5 (7.2)

Hip hop/urban/commercial 1 (1.4)

Other (text entry–tap) 1 (1.4)

≥ 15 years (primary amenorrhea). No dancers reported not having
commenced menstruation. Over one-third of dancers (34.5%)
had experienced oligomenorrhea (i.e., less than 9 periods per
year), with two dancers (3.4%) currently experiencing secondary

amenorrhea (i.e., periods stopped for three or more consecutive
months, not due to pregnancy or contraceptive pill) and 31%
experiencing this previously. Only 35% of dancers reported that
healthcare practitioners had asked about periods, and this was
only reportedly addressed in 42.1% (n = 8/19) cases where lack of
periods were reported.

The oral contraceptive pill was taken by 27.6% of female
dancers at the time of the survey, mostly for contraception (93.8%),
however, reduction of menstrual pain, bleeding, and regulation
of periods were also considerations. An equal number of dancers
(46.6%, n = 27/58) knew that the hormones in the contraceptive
pill were not equivalent to the hormones produced by the body,
as those that did not know. A very small number (6.9%, n = 4/58)
believed hormones produced by the body were equivalent to that
provided in contraceptives.

When asked about dance health knowledge and beliefs (n = 63),
18.8% perceived it to be normal for female dancers to not have
periods (i.e., menstruate) and 12.7% “did not know.” Furthermore,
11.1% were not aware of any negative effects of not menstruating
and 7.9% did not know of any associated problems (n = 5).

3.4 Illness and injuries

Seventy percent (n = 44/63) reported sustaining a soft tissue
injury in the past year (i.e., muscle, ligament, tendon, and joint
injuries excluding fractures). There was an average of 1.6 injuries
per dancer in the preceding year, 37% of dancers did not miss
any days due to injury, and a further 35% missed ≤ 5 days. There
were a small group of dancers (11.3%, n = 7/62) who had missed
significantly more days of dance due to injury (28 to 210 days). Of
the soft tissue injuries, 54% of participants reported that they were
recurrent (i.e., in the same location, or same type of injury).

Over a third (34.9%, n = 22/63) had experienced a bone
injury since starting full-time dance training. Where dancers had
experienced a fracture, the most prevalent anatomical regions were
the feet (28.6%, n = 18), followed by arm (17.5%, n = 11), leg (7.9%,
n = 5), and spine (4.8%, n = 3).

General illness resulted in an average of 9.9 days absence
affecting 85% of the cohort, and COVID-19 a further 12.2 days.
Ten dancers had not experienced COVID-19 at the time of
data collection.

When asked about missing classes or rehearsals, 65.2% of
dancers felt “worried or anxious” to miss a class or rehearsal,
23.2% felt “relieved to have a day to rest,” 30.4% indicated they
“understood these things happen.” A small number of dancers
expressed feeling guilty, lazy, self-critical, judged, and expressed
feelings of self-hatred.

3.5 Eating habits, supplements, and
nutrition advice

Dancers were asked about particular dietary choices, with
21.9% (n = 14/63) reporting they chose a vegetarian dietary pattern,
with just two (3.2%) selecting vegan. Almost half (43.7%) reported
excluding food groups. Excluded food groups or categories
included: carbohydrate foods (1.6%, n = 1/63), meat (20.6%, n = 13),
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TABLE 2 Anthropometric measures and activity exposure.

Biological sex Combined

Female (n = 58) Male (n = 5) Mean ± SD Range (min–max)

Anthropometrics

Height (m) (n = 63) 1.67 ± 0.68 1.78 ± 0.10 1.68 ± 0.1 1.45–1.9

Weight (kg) (n = 53) 56.3 ± 7.2 73.8 ± 6.7 58.0 ± 8.7 43.0–85.0

BMI (kg/m2) (n = 52) 20.2 ± 1.9 23.3 ± 2.8 20.5 ± 2.2 16.5–26.7

Weight variability (%) * (n = 51) 14.6 ± 6.8 10.1 ± 5.8 14.5 ± 7.0 4.0–38.0

Activity exposure (hours) (n = 65)

Class 21.8 ± 6.1 18.0 ± 4.5 21.1 ± 6.5 0.0–40.0

Rehearsal 6.8 ± 3.3 6.0 ± 2.9 6.7 ± 3.3 0.0–15.0

Performance 1.5 ± 2.5 1.0 ± 2.2 1.4 ± 2.4 0.0–10.0

Supplemental training 2.9 ± 2.2 1.8 ± 2.7 2.8 ± 2.3 0.0–10.0

Total hours 33.0 ± 8.8 26.8 ± 2.0 31.9 ± 9.4 0.0–53.0

*Weight variability calculated for current height by dividing the difference between maximum and minimum weight by current weight, then multiplied by 100.

fish (19.0%, n = 12), dairy (11.1%, n = 7), and gluten (9.5%, n = 6).
Nearly one-quarter of dancers (23.8%, n = 15/63) had been told
to exclude particular foods by teachers in the past, with a range of
advice provided:

“In the past it had been suggested for me to only eat light salads,
and cruskits with cottage cheese to lose weight.”

“I’ve been told many things in the past, e.g., only eat raw foods as
cooking reduces nutritional value, try an [Emma] Ware fast diet
as it cleanses the gut.”

“Meat, dairy and bread. ‘To avoid bulking up’.”

“Sugary foods, carbs, fats, dairy, gluten.”

“Carbohydrates, fats, any processed foods.”

With dancers noting that the advice was aimed at weight
concerns:

“For body image”; “To lose weight”; “Was told to cut carbs to
reduce puffiness in body”; “Don’t eat/drink sugary things, you
will be fat. Don’t eat lunch before class, the teacher says she can
see our lunch.”

Caffeine as caffeinated beverages were consumed by 58%
(n = 39/67). The mean consumption was 1 cup per day (range
0–4 cups per day). Dairy consumption was varied with 42.2%
consuming 2–3 serves/day, 12.6% (n = 8/63) consuming no dairy,
and 51.6% consuming below the recommended serves/day (i.e.,
0–1 serves/day). Supplements were used by 68% of participants,
mostly iron supplements (60%) and magnesium (51%), with fewer
(14%) taking calcium, zinc, Vitamin C, or a multivitamin. Vitamin

B was taken by 19% and Vitamin D by 12%. More than half (53%)
were taking more than two supplements and a list of 12 other
supplements were provided.

The most common sources of nutrition advice in descending
order were the internet (42.2%), the advice of friends (28.1%), and
25% sought advice from a qualified dietitian. Almost one-third
(29%) had not sought any form of nutrition advice despite this
same proportion had been told to lose weight at some point in their
dance training. A follow-on question about the impact of social
media was also asked, with 81.3% of dancers reporting that social
media makes them feel like they should “sometimes” or “always”
try and lose weight.

Five dancers reported smoking (7.9%, n = 5/63) for social
reasons, stress management, or due to addiction. Three out of five
reported trying to stop.

3.6 Wellbeing and psychological factors

A range of questions were asked to gauge wellbeing among the
dancers. Dancers were asked to rate their freshness or energy level
on a scale of 0 (“extremely tired all the time”) to 5 (“no fatigue at
all”), with 84.4% providing a score ≥ 2 indicating higher levels of
energy with two dancers reporting they were extremely fatigued.
Similarly, when asked about sleep, most (64%) provided a score ≥ 3,
with just three dancers reporting they hardly ever had a good night’s
sleep in the past year. When prompted about sleeping difficulties,
the key issues were difficulty falling asleep, disrupted sleep, and
waking too early.

Digestive problems were also rated, with a small
number of dancers (6.3%, n = 4/63) indicating continuous
problems, usually linked with medical issues. Further prompt
questions revealed bloating (66.6%, n = 42), constipation
(33.3%, n = 21) and discomfort (50.8%, n = 32) were the
top ranked issues among dancers with 11.1% (n = 7/63)
reporting no such issues. Allergies and intolerances were
reported by 40.6% of dancers, which may be linked with
the issues regarding digestion, the core foods excluded,
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and supplement use described earlier. Medications were
reported by 27%, with antidepressant used by 10.5% (n = 7)
of the participants.

Ten dancers (15.6%) had previously been diagnosed with an
eating disorder, including four with anorexia nervosa, two with
bulimia, one reported a combination of anorexia nervosa and
bulimia, another reported avoidant/restrictive food intake disorder,
and another was “not specified.” We noted that one additional
participant did not respond to the question regarding type of
eating disorder.

3.7 Awareness and REDs risk score

REDs risk scores were calculated for 49 participants (45
females). REDs risk scores ranged from –16 to +16 points with
negative scores indicating LEA and a higher risk of REDs. The
average score for the cohort was 2.1 (SD = 5.9) for females and 5.25
(SD = 3.9) for males, indicating males in the study group were not at
risk. Negative scores (< 0) were seen in female dancers with 33.3%
scoring in the negative range.

Just over half of all participants were aware of REDs
(53.1%) and female athlete triad (56.3%), and a large proportion
acknowledged an awareness of LEA (73.4%). There was a high
degree of awareness about disordered eating (92.2%) and just over
a third were aware of orthorexia (35.9%).

The REDs risk score included questions about how controlling
weight and controlling dietary intake affects dancers. These
questions utilised a scale as described from 0 (“doesn’t affect me”)
to 6 (“affects me greatly”), while 17.5% reported no issues, 60.3%
of dancers rated controlling what they eat as 3–5/6, and no dancers
gave a rating of 6/6. Controlling weight was more problematic, with
47.6% scoring 3–5/6 and an additional 20.6% scoring this question
6/6 indicating it “affects me greatly.” Control of body weight was of
no concern for 24% of participants (n = 15/62).

4 Discussion

This study was based on the DEAQ by Keay et al. (6), a
tool combining three validated questionnaires to better capture
information relevant to dance, with a REDs scoring tool embedded.
The current research was conducted with dance students at
a single training institution to help understand current health
status, nutrition habits, lifestyle, and wellbeing, while also gauging
knowledge of LEA and REDs to inform specific curriculum related
to dancer health and wellbeing. A third of female dancers in
this study received a negative REDs risk score indicating low
energy availability and risk of developing REDs. No males scored
negatively, noting that males made up just 6.3% of the participant
group. The risk of LEA and REDs among dancers in this study was
less than reported in previous studies among elite dancers: 65% of
female vocational ballet dancers (11), 40% of professional female
dancers (12), and 57% female and 29% of male pre-professional,
professional, and advanced amateur dancers (6).

Dance, particularly ballet, as a physical pursuit is unique.
Exertion within a typical ballet class builds gradually over an
hour to several hours from almost stationary movements at

the barre, to grand allegro, with intermittent bursts of athletic
jumps and sequences using the entire studio space or length of
the room (14). A performance may last 3 to 7 min (14), and
performers within a full ballet cycle on and off stage, or to the
outer rim of the stage area, holding postures for extended periods
of time. Performances involve high volumes of plies, lifts, and
jumps eliciting near-maximal metabolic responses (3). With the
metabolic demand of ballet classes being less than in performance,
it is unlikely that ballet training alone provides metabolic and
musculoskeletal adaptations (3). In contemporary dance, dance
classes and rehearsals alone are reportedly inadequate in preparing
dancers for the cardiorespiratory demands of performance (15).
Although elite dance training involves high volumes of activity,
professional ballet dancers spend half of recorded day-to-day
activity at below 3 METs (metabolic equivalent of task) which is less
than a moderate level of exercise intensity (3, 16). As dance classes
alone are unlikely to induce adequate metabolic, musculoskeletal,
and cardiorespiratory training effects, it is recommended dancers
incorporate supplementary fitness training into their schedule
(3). Supplementary fitness training can help promote strength,
balance, proprioception, and cardiovascular endurance to promote
fatigue-resistance and reduce injury risk (10, 17). Despite this
suggestion, ballet training is intensive, beginning at a young age,
most often as children begin school, as was typical within this
study. Young vocational dancers may attend classes daily, with
pre-professional dancers taking classes “full-time” 9 am to 5 pm
on up to 5–6 days per week from about 16 years of age, with
20 h (on average) up to 40 h a week reported in this study,
leaving very little time for the suggested supplementary training
or food consumption between classes (18). Managing nutrient
requirements within a tighter dietary energy intake when there
is discomfort while dancing, or while being lifted, may further
encourage dancers to limit food intake (food volume and/or
kilojoules) to maintain a lower body mass and body fat percentage
(14, 18). As a result, lower energy availability may become chronic,
and malnutrition may also become an issue. In a recent study
among Australian elite dancers (19), the reported average daily
energy intake was lower than the typical intake reported in
studies of elite dancers from the UK and Scotland (11, 18) and
in particular, lower carbohydrate intakes. Furthermore, over an
8-week period a decline in iron (sFER) levels was observed in
these dancers which was attributed to lower than adequate energy
intake (19).

In pre-professional dance programmes, nutrition education
may be absent or limited (20), unlike in elite sporting contexts
other athletic sports programmes where nutrition education and
qualified sports dietitians may be more accessible (21, 22). Only
25% of participants had sought individualised advice from a
qualified dietitian, despite many following vegetarian (22%) and
vegan (3.2%) eating patterns. This alteration in dietary pattern
places an even greater focus on adequate energy intake, adequacy of
iron, zinc, Vitamin B12, calcium, and omega-3 due to plant sources
having reduced bioavailability (particularly iron) and insufficient
plant-based B12 sources (18). It is therefore important for dancers
to have the required knowledge, skills in planning, and perhaps
professional guidance to ensure adequate intake enough of the
nutrients that are more easily consumed through animal food
sources. The number of dancers following non-meat diets also
far exceeds that within the general Australian population with
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representative studies suggesting 4.3% of adults are vegetarian
and 1.6% are vegan (23). As a consequence, meat and fish were
the most frequently excluded food items. Additionally, more than
half of the dancers in this study were not consuming adequate
serves of dairy per day thereby leading to reduced calcium intake
from food sources. Supplements were widely used, with more
than half taking multiple nutrition supplements, mostly iron and
magnesium. Fewer were taking Vitamin D supplements, yet this
vitamin may be at low levels primarily due to lack of exposure
to sunshine and the extended time spent exercising and training
inside, rather than outside (14). There are recommendations for
dancers in the northern hemisphere to monitor Vitamin D status
and use supplementation (24), however, this would need further
investigation among Australian dancers.

Nutrition education is included in the curriculum at WAAPA,
focused on building awareness of the Government guidance
regarding the Australian Dietary Guidelines, the Guide to Healthy
Eating and serves of foods. Dance and sport-specific evidence-
based resources such as publications developed by the International
Association for Dance Medicine and Science and the Australian
Institute of Sport are also emphasised. Several studies have
evaluated the importance of incorporating health and nutrition
education into elite dance programmes with improvements in
health, nutrition, and food literacy reported (20, 25, 26). Despite
nutrition education being delivered at WAAPA, many participants
reported consulting the internet or friends for advice, and there
was a high prevalence of dancers feeling like social media made
them feel like they should lose weight. These are important
considerations for future curriculum design. Due to the higher risk
of LEA and REDs in dancers, Civil et al. (11) suggest that a qualified
sports dietitian is involved with dance programmes to enhance
knowledge, and personalise advice that is safe and sustainable. This
may be even more useful if students are screened for LEA and
REDs on admission and annually as a general health check, as there
are known challenges transitioning to higher education (10). An
understanding of those dancers most at risk at the pre-professional
level could help prevent shorter term issues with performance,
illness and injury, but also help protect longer term health issues
particularly those of a reproductive nature, protection of mental
health, and provide enhanced self-worth and assist with longevity
of the dance career (27). Similar to the research by Civil et al.
(11), further research related to the dietary patterns of this group
would be valuable. Particularly in consideration of the vegan and
vegetarian diet patterns where grain and legume foods are high
in dietary fibre, but low biological value proteins, and also the
tendency use supplementation which may be in place of nutrient-
dense foods potentially further encouraging LEA. Dietitians were
utilised by a quarter of the sample, however, their services could
be beneficial to a larger portion of dancers by providing practical
and individualised advice, assisting dancers make food choices
that provide greater gastrointestinal comfort during dance training
and performance (which was a common concern), maintain lean
muscle mass, improve recovery, and help better match intake
with rehearsal and performance schedules (11). Hypothetically,
the provision of such services would normalise the acceptability
of dietitians within dance, add significant promotional value for
programmes offering this type of support, and form an ongoing
important focus on health and safety. This is particularly important
as poor knowledge and misinformation from dance teachers and

internet sources could have a negative affect on dancers, including
impacts on food selection and eating patterns.

Previous studies have found that dancer knowledge of LEA
was understood, more so than REDs (6). Indeed, dancers in
this study also indicated a greater awareness of LEA (73.4%)
compared with REDs (56.3%). Perhaps the concept of having
“low energy” available is more easily understood, as it can be
related to day-to-day feelings of fatigue and tiredness, whereas
REDs is the result of chronic and more complex interactions
between dietary intake, hormonal, and bone health. Linked with an
understanding of REDs, 19% of dancers in this sample perceived
the absence of menstruation as normal for female dancers and
were either unaware of negative consequences or any associated
problems with a lack of menstruation. In dancer health training,
it is worth educators or teachers explaining REDs to dance
students, including REDs Health Conceptual Model and REDs
Performance Conceptual Model proposed by Mountjoy et al. (5)
along with raising awareness of symptoms such as amenorrhea, low
libido, pain from bone stress injury, hunger, and training plateaus.
Discussing the conceptual models and symptoms of REDs could
provide an opportunity to discuss eating patterns, the known risks
of amenorrhea or lack of morning erections for males, which can
then be monitored by the dancer as a personal sign of health,
along with longer-term problems associated with REDs such as
osteoporosis. Importantly, under extreme circumstances, some
of the negative consequences of REDs have proven difficult to
reverse even with pharmacological means, placing even greater
responsibility on the dance community to protect dancers of
all ages. Of concern is the low level of awareness of menstrual
disturbance and LEA among healthcare practitioners reported by
dancers in this study. Despite a number of specific resources being
developed for healthcare practitioners and the dance community
(28) in recent years, there remains a lack of awareness among
doctors (29).

In this study there was a reported 1.6 injuries per dancer in
the past year, a similar finding to research among modern dancers
[1.31 injuries per dancer (30)] yet less than in ballet [6.8 injuries
per dancer (31)]. Soft tissue injuries were relatively common, with
more than half being recurrent in nature. Results align with other
research which reported soft tissue injuries [i.e., muscle and tendon
inflammation (36%), and strains and sprains (27%)] as the most
frequent injuries among a similar pre-professional group (N = 76)
(8). Over one-third of dancers had sustained a bone injury since
starting full-time dance, with the foot being the most common
fracture site. These results align with previous research which
indicates bone injuries in the feet are common in dancers (30, 32,
33). Previous research has identified that dancers with LEA are
more likely to sustain a soft tissue injury and that training volume
(exposure time) is associated with a higher risk of bone injuries
(34). Similarly, in a study of Norwegian university dance students
there was an increased odds of having an injury if symptoms of low
LEA were prevalent (8). In another study, high training volume
among professional ballet dancers was linked to insufficient bone
remodelling, potentially leading to an increased risk of bone stress
injury (35). It is well established that LEA contributes to impaired
bone health (36), and previous research among dancers has
highlighted the importance of adequate nutrition and controlled
training volumes to optimise energy availability and reduce the
prevalence of injuries (34).
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In this study, 22% of dancers did not respond to the question
about their body weight. This could be interpreted in a number of
ways. Either they did not know or have not recently weighed, or
they did not want to provide this information. Body weight was
an important measure to estimate health status and was utilised
within the REDs score to understand risk, but realising the issues
among dancers and sensitivity to reporting weight, the data from
this response may be highly unreliable. However, body weight
data, together with the calculated BMI, was reflected in hormonal
changes reported by this group with a third of dancers experiencing
oligomenorrhea and 31% experiencing secondary amenorrhea
previously. Dancers also reported their lowest body weight for
current height with BMI calculations indicating as many as 61%
of dancers having a BMI < 20 (below the healthy range) when
they were at their lower weight. Sixteen percent of dancers had a
previous history of eating disorders, which is within the prevalence
range of 12 to 26.5% described in the literature across all dance
genres (8). Future research should aim to understand the issues
of weighing and weight, as there may be other factors involved.
Rejection of body mass as a single measure is a point of discussion,
and this is an important issue for the future of dance where
rudimentary cut-offs have been applied for entry to competitions,
programmes, and at the professional level in the past. The recently
published 2023 IOC Consensus Statement on REDs (5) recommend
avoiding body composition assessment and monitoring in athletes
< 18 years, with the exception of medical purposes (37, 38). Further,
the supporting Best Practice Guidelines highlight the importance
of sport federations addressing competition requirements which
perpetuate unhealthy practices around body composition and
report multiple sports (including figure skating, gymnastics, and
artistic swimming) modifying rules to reduce the risk of developing
REDs associated with participation (38).

Other health concerns within this cohort can be drawn from
information supplied relating to medication use, sleeping issues,
digestive problems, and the way both eating and weight affect the
dancer’s sense of self. There are known links between nutrition and
mental health, depression and eating disorders, sleep disturbance,
and physiological functions of the body such as digestive issues
(39). Further, emerging adulthood has been highlighted as a key
period of development in terms of both diet quality and mental
health (39). Comparable studies of pre-professional dancers have
reported 20 to 60% having anxiety or depression, symptoms of
LEA and/or eating disorders (8). Importantly, one-third of dancers
in this study ranked the questions relating to “controlling what
they eat” and “controlling what they weigh” at the highest end
of the scale (as 4 or 5 on a six-point scale), indicating that
both factors affect the way they feel about themselves. Others
have pointed to issues particularly related to dancers including
“self-oriented perfectionism” whereby self-worth is highly linked
with performance and feedback as well as the ability to push
their body to artistic limits and constant improvement (8).
Striving for perfectionism, however, can cause anxiety, stress, or
compulsiveness which are reportedly potential comorbidities to
eating disorders (40).

A large portion of dancers in this study reported the
belief that a lighter body weight would increase chances of
getting a lead role and many reported the belief that they
dance best at a weight lower than their current weight. These
findings align with previous studies reporting a desire for

thinness and body dissatisfaction in dance (6), which are factors
linked with an increased risk of disordered eating, eating
disorders, and LEA (40–43). In a recent study exploring dance
science knowledge, dancer educators identified mental health and
psychology as topics requiring more research (44). Furthermore,
recent recommendations by Reece et al. (45) state: “Treatment
of LEA requires addressing the underlying cause. The gold
standard for treatment of disordered eating/eating disorders is a
multidisciplinary, collaborative approach. Education for athletes,
parents, coaches, and athletic trainers is imperative for the
detection and prevention of LEA and disordered eating/eating
disorders” (45). Indeed, in the last decade there has been an
increase in eating disorder prevention and nutrition education
interventions developed for athletes and dancers. Education
programmes focused on promoting body acceptance [e.g., the
Body Project (46) and the Body Project with dancers (47)] and
incorporating behaviour change such as using cognitive-behaviour-
dissonance (48) show promise in reducing body dissatisfaction,
reducing the risk of eating disorders, and in increasing the number
of athlete’s seeking professional advice regarding female triad
symptoms (46). Despite progress in health education programmes
for dancers [e.g., (47, 49)], addressing education at a broader
level including dance teachers and industry, along with a culture
shift away from thinness idealisations in dance is required (4,
10). Safeguarding the health and welfare of high-performance
athletes has been flagged as a priority in all sporting environments,
including among young athletes (21), and the importance of
sports medicine within performing arts has been acknowledged
(11, 50). Recommendations for principles and functions of health
services within Australian high-performance sport have recently
been proposed (21) including for disordered eating (51). However,
despite the promising progress in elite sport, guidelines for
healthcare services within the context of dance are lacking in
Australian educational programmes.

4.1 Limitations and future research

Several limitations are worth noting. First, the sample only
included dancers from one Australian tertiary institution. However,
dancers originated from states and territories across Australia with
half of all participants in first year of study, and as such, the findings
reflect Australian dancers embarking on full-time training. Second,
the small number of male participants in this study limited the
ability to analyse and compare differences between male and female
dancers across all measures. We were, however, able to analyse
BMI, LEA, and risk of REDs, with which males were at lower risk
than female dancers. Nonetheless, education remains important to
promote career longevity among males as it does females (27) and
is an important consideration in future research. Third, the DEAQ
self-report tool has been validated among dancers previously and
in this study it was adapted for the Australian environment.
Inclusion of additional health measures such as blood work and
bone mineral density such as those outlined in the 2023 IOC REDs
Consensus Statement (5) would allow for a greater understanding
of LEA and REDs indicators among dancers. Fourth, alcohol
intake was not measured in this study. A study of professional
dancers has compared weekday energy intake to weekends and
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dancers do increase their energy intake over weekends from fat
and alcohol, reducing carbohydrate and protein when they are
not dancing (18). As alcohol influences energy intake, potentially
fat mass (52), and macro and micronutrient absorption (53) it
is recommended alcohol intake is considered in future studies
among dancers. Lastly, the current study was descriptive in nature.
To provide greater insight into understanding reasons for certain
choices or behaviours (such as supplement use or eliminating
specific foods) a range of questions could be used to probe certain
issues. Additionally, focus groups or clinical interviews would allow
a more comprehensive understanding of the needs of dancers,
dance teachers, and those involved in professional companies along
with the perceived barriers and facilitators of health and nutrition
education in elite dance.

4.2 Practical implications

Recognising dancers as athletes may be the first step in
helping the dance community move forward on a range of issues
related to dancer health and wellbeing. For training institutions,
the focus needs to be on ensuring curriculum and education
standards reflect current knowledge in dance and sport science
as well as facilitating access to a range of health professionals,
with health promotion and prevention of injury at the forefront
of the dance training philosophy. Evaluation of dancer knowledge
of preventative health and correcting misinformation will help
break the cycle of misinformation, as today’s pre-professional
dancers will likely become the teachers and artistic directors
of the future. Screening in a manner that engages the dancer
rather than punishing their self-esteem may also be necessary to
adequately risk assess and manage the needs of each cohort. Early
screening will help facilitate earlier intervention and protect and
promote longevity in dance careers. Screening questions could be
incorporated into existing physical and health screenings [e.g., (54)]
or built into early curriculum to raise dancer self-awareness.

5 Conclusion

This research has helped establish an understanding of dance
students’ knowledge of current health, nutrition issues, lifestyle,
wellbeing, and understanding of longer-term health implications.
As a crude indication, one-third of female dancers had a negative
REDs risk score. A similar proportion had a BMI < 20, previous
fractures, a history of secondary amenorrhea, and had experienced
oligomenorrhea. Awareness of REDs and the connection with
menstrual issues was relatively low among dancers despite this
being a good indicator of overall current physical health. Broad
engagement of the dance community is called to action, to
acknowledge the need to develop programmes for dancers of
all ages and level of training that help protect and empower
dancers in relation to health, nutrition, fitness, and wellbeing. This
study also highlights the importance of adequate healthcare within
dance, including access to relevant healthcare practitioners within
elite training environments, along with improved awareness and
education of the physical and psychological demands of dancing
and LEA and REDs among all practitioners working with dancers.
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Introduction: In the current experiment, we aimed to evaluate whether eliciting
pre-exercise non-thermal cooling sensations would alter perceptual measures,
and physical and physiological responses in football referees.
Methods: Nine highly trained male football referees undertook two 45-minute
intermittent exercise protocols in hot and humid conditions (34.2 ± 0.6°C,
62.5 ± 1.0% relative humidity). In a randomized counterbalanced crossover
design, 1 of 2 beverages were given before the warm-up: a 0.01% menthol
solution or a placebo noncaloric solution. Physical performance was
quantified as total distance covered in each of the three 15-minute exercise
blocks. Core temperature, heart rate, thermal sensation and thermal comfort
were measured at rest and after each exercise block.
Results: No changes were observed between trials and over time for distance
covered. No main effect of mouth rinse was observed for core temperature
and heart rate, but both increased over time in all conditions (P < 0.001).
Thermal sensation and thermal comfort were significantly improved with
menthol after mouth-rinsing (P < 0.05), but with no differences at any other
time-point.
Discussion: These results indicate that non-thermal cooling oral stimuli
provide immediate behavioral changes but may not influence physiological or
physical responses in football referees, during intermittent exercise in hot and
humid environments.

Clinical Trial Registration: www.clinicaltrials.gov, identifier NCT05632692.
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TABLE 1 Participants characteristics.

Age (years) 33.4 ± 5.2

Height (m) 1.8 ± 0.1

Weight (kg) 73.2 ± 6.2

Body mass index (kg/m2) 22.4 ± 1.1

Body fat (%) 11.9 ± 3.6

Lean body mass (kg) 64.3 ± 6.0

Hours of training per week (h) 7.6 ± 2.1

Experience as a referee (years)a 16.7 ± 5.1

Experience as an elite referee (years)b 7.4 ± 2.3

Data are presented as mean ± SD (n= 9).
aExperience as a referee considers the period (number of years) since the

beginning of professional activity.
bExperience as an elite referee considers the period (number of years) of

professional activity in C1 or C2 elite categories.
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1 Introduction

A competitive football match play is regulated by a referee, two

assistant referees, and a sideline official. In a whole sports season,

1.3 million referees enter the football pitch every week to

regulate players’ behavior and to regulate the rules of the game

(1). Despite these statistics and the important role in ensuring

that players and others involved maintain the laws of the game,

very little scientific literature is available on football refereeing,

especially when compared with players (2).

Intermittent exercise efforts (i.e., sprinting) in the heat is

recognized to augment thermoregulatory strain (3), reducing

physical performance (e.g., distance covered) and disturbing

motivation levels (4), when compared to similar exercise in

temperate conditions, concretely in football players. In fact,

substantial changes to football players’ performance as a

consequence of exercising in the heat are observed, with a

reduced number of sprints performed by players (−10%), as well
as a reduction in the distance covered at high intensity (5) and

total distance covered during games (6). These changes result

from anticipatory pacing to mitigate excessive increases in core

and muscle temperature, as well as in thermal sensation (7, 8).

Considering that football players and football referees are

allowed the same strategies to cope with the heat, it is plausible

that the extreme conditions may also affect referees’ physical and

physiological performance, compromising their skills to monitor

and control important events during the game (9, 10). In addition,

referees cover 7.5–11.5 km per match play (11, 12), and an elite

football referee spends 42% of the match running at high intensity

(18.1–24 km h−1) (13, 14). Therefore, it can be anticipated that the

activity profile of elite referees is demanding and they must be

considered as athletes (15). This way, it is fair that their training

and performance may be given with due consideration from sport

sciences, particularly regarding heat-related fatigue and strategies

to cope with the heat, such as cooling interventions.

Menthol is an organic compound that incites non-thermal

cooling effects on target receptors, throughout the body regions,

depending on if it is applied internally or externally (16). Although

menthol does not prevent heat gain or reduce core temperature, it

seems to help the athlete to feel perceptually cool, being further

able to perform for a longer period of time (17–19) or at a higher

power output (20–22). Specifically, menthol activates the transient

receptor potential cation channel subfamily M member 8

(TRPM8), which responds to cold stimuli. This activation is

responsible for the cold sensation experienced from this compound

and for the eventual improvements in thermal sensation, thermal

comfort, rating of perceived exertion (RPE), and performance

(23, 24). A recent systematic review concluded that mouth rinsing

with a menthol solution (0.01%) during exercise in the heat

significantly improved physical performance, mainly in continuous

exercises (25). Also, considering the current body of evidence, a

recent consensus statement found that research regarding the effect

of menthol on intermittent exercise and on elite athletes was

insufficient, while providing greater attention to endurance efforts

and recreational participants (26). Adding this to the fact that

menthol is simply transportable and low cost, it is worth
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understanding if menthol mouth rinse might be a viable non-

thermic alternative to improve intermittent exercise in the heat (27).

In addition to the fact that very few studies have evaluated the

ergogenic effect of menthol in intermittent exercise protocols, no

study has evaluated the effects of internal cooling strategies on

football referees. Accordingly, the primary purpose of the current

study is to analyze the effects of a menthol solution mouth rinse

on football referees’ physical performance and perceptions of the

environment, during a standardized laboratory exercise protocol

performed in the heat. We hypothesized that menthol mouth

rinsing will improve perceptual responses and consequently

increase physical performance without increasing physiological

strain in football referees, while exercising in the heat.
2 Materials and methods

The study has been approved by the Ethics Committee of the

Faculty of Nutrition and Food Sciences of the University of

Porto, Portugal (Report 112/22 CEFCNAUP 2022), conducted in

accordance to the Declaration of Helsinki for human studies (28)

and developed considering the guidelines from Consolidated

Standards of Reporting Trials (CONSORT) (29). Also, the

protocol of the trial was registered on www.ClinicalTrials.gov

(NCT05632692; 20 November 2022).
2.1 Participants

Nine healthy non-heat-acclimated highly trained (30) male

football referees registered in the Portugal Football Federation

participated in the study (Table 1). The participants were

recommended to maintain training regimes from one trial to the

following and abstain from exercise 24 h before each trial. To

minimize the difference in muscle glycogen levels and respiratory

exchange ratio (RER) between trials, participants were advised to

consume their habitual diet and to repeat pre-exercise food

intakes from one trial to the next. The participants were also

asked to ingest 2–3 L of water in the day before each session.

For sample size and statistical power calculations, power analysis

was based on changes in thermal sensation after the internal
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administration via mouth rinsing or ingestion of menthol solution. A

type I error of 5% and a power of 85%, with a statistical significance

(P-value≤ 0.05) and a moderate effect size of 0.54 [differences in

thermal sensation were considered following Jeffries and Waldron

results (31)], were considered, using G*Power 3.1.9.2®. A sample

size of at least eight participants was determined. Inclusion criteria

required participants to be: highly trained male field football

referees registered in Portuguese Football Federation, aged ≥18 and

≤45 years, with normal weight (body mass index ≥18.5 and

≤24.9 kg/m2), and available to participate in the familiarization

session and in the two experimental sessions. Participants were

excluded from the present study if they were under the influence

of any medications that may affect urinary parameters,

thermoregulation mechanisms, circulatory system, thyroid and

pituitary function, or metabolic status; had injury, diabetes,

autoimmune disease, cardiovascular disease, or obstructive disease

of the gastrointestinal tract (e.g., diverticulitis, inflammatory bowel

disease); were diagnosed with schizophrenia, bipolar disorder, or

other psychotic disorders, as well as eating disorders; and had a

magnetic resonance imaging scan scheduled within 48 h after the

experimental trials (32).
2.2 Study design

A randomized single-blinded, counterbalanced, crossover trial with

two conditions was performed. After fulfilling the eligibility criteria,

and carrying one introductory meeting and a familiarization session,

the participants were ascribed to two experimental days for

undergoing two different randomly ordered experimental conditions.

Each condition was comprised of a 45 min football protocol

[intermittent Soccer Aerobic Fitness Test (SAFT-45)] (33), with the

administration of one of two beverages before warm-up (pre-

cooling). There was a minimum washout period of 7 days between

the familiarization session and the first trial, as well as between the

first and second trials, to reduce carryover effects from the previous

condition and to assure an adequate exercise recovery. The trials

took place in an experimental room, with temperatures ranging from

33.6 to 35.4°C and relative humidity ranging from 58.0% to 63.5%.

The main researcher assigned the allocation sequence for the

order of the trial conditions to every participant, recurring to

individual randomization from a computer-generated random

order. The main researcher was not blinded to the type of study

condition, had access to the allocation sequence list, and retrieved

the randomization code prior to each experiment to prepare the

beverages. All other investigators and the outcome surveyors were

blinded to the study condition and group allocation, and the

participants were blinded to the beverages’ composition and aim of

the study.
2.3 Introductory meeting

The research team presented the study details to the participants,

before the experimental trials. All stages of the study as well as the
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tools and procedures that were going to be implemented were

described. After understanding and accepting to share their

information, the participants signed the informed consent.
2.4 Familiarization session

All participants underwent a familiarization session. All

experimental procedures were entirely described and tested, so

that the familiarization trial was as close as possible to the

experimental trials, replicating the exercise protocol.
2.5 Exercise protocol

The SAFT-45 is an adaptation of the original SAFT-90,

consisting of sets of 15 min of predetermined intermittent

football-specific protocol (34). The protocol imitates the

intermittent and multi-directional nature of football match play,

with regular changes in direction and activity (35). It is based on

time–motion analysis data from the English Championship–level

match play acquired during the 2007 season (33) and has the

goal to simulate the activity demands and physiological reactions

of a football game (36). Participants navigate around a 20-m

agility course in an intermittent fashion via standing (0 km h−1),

walking (5.5 km h−1), jogging (10.7 km h−1), striding

(15.0 km h−1), or sprinting (maximal effort) (37). The protocol is

divided into equivalent 15-min activity profiles, lasting 45 or

90 min, and can be performed indoors. The type of movement

activity and intensity is controlled using verbal signals from an

audio MP3 file (33). The participants of the present study

conducted a normal pre-match routine regarding rest and

nutrition, and a 5-min warm-up preceded the 45-min protocol.
2.6 Solution formulation

The participants were given one of two beverages: Beverage A—

menthol solution was formulated by crushing non-caloric menthol

lozenges into small pieces (Halls Extra Strong, Mondelez

International, Birmingham, United Kingdom) weighed to obtain a

concentration of 0.05% and dissolved in warm deionized water

(32). After complete dissolution, the menthol solutions were

diluted to a 0.01% concentration (i.e., 20 ml of the 0.05% solution

were diluted in 80 ml of deionized water) (17, 18, 38); Beverage

B—placebo solution was prepared using a non-caloric berry-

flavored sweetener consisting of sucralose (Crystal Light, Don

Mills, Ontario, Canada) (32). Prior to use, both solutions were

prepared for mouth rinse and warmed at room temperature. The

subjects were given, in a pre-cooling mode, 75 ml of the solution

to rinse prior to the warm-up, divided into three equal parts

(25 ml each). Each part was made available to the participant

every 1 min (3 min of pre-cooling) and rinsed for 10 s.
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2.7 Physiological responses

2.7.1 Heart rate
Heart rate was measured through heart rate monitors (Polar

H10 Heart Rate Sensor, USA) continuously throughout the

exercise period and reported at baseline (before warm-up) and

after each 15-min exercise block. Data were visualized and

exported recurring to Polar Vantage V and Polar Flow Sync

software and calculated by minutes. PolarH10 can accurately

measure the mean heart rate and low-frequency oscillations (up

to 0.15 Hz) of heart rate at rest and during the exercise (39).

2.7.2 Core temperature
Core temperature was evaluated continuously through a

telemetric pill ingested 60 min prior the start of the session

(BodyCap®, Hérouville-Saint-Clair, France) and reported at

baseline (before warm-up) and after each 15-min exercise block.

Given the satisfactory precision, the ability to measure in field-

based situations, and being non-invasive, the ingestible telemetric

temperature pill was suitable to assess the core temperature

during exercise in different settings (40).

2.7.3 Sweating rate
Sweating rate was estimated according to the following

equation (41):

Pre-exercise body weight� post-exercise body weight
þ fluid intake� urine volume

exercise time in hours

Pre-exercise body weight was measured after participants emptied

their bladder. Body weight was assessed on a digital platform scale

(InBody 270, InBody CO., LTD, South Korea), with minimal

clothing. Post-exercise body weight was recorded also with

minimal clothing, after participants’ towel off themselves, at the

end of the protocol. Urinary excretion was not considered since

the protocol was continuous (no half-time) and therefore the

participants did not go to the bathroom. Fluid intake was

evaluated via the measurement of mass change to the nearest

0.1 ml of the individual bottles, provided to the participants, at

the warm-up and collected at the end of the session (Seca,

Hamburg, Germany). The research team advised the participants

not to spit out the fluids at any time of the protocol. Also, fluid

intake was only allowed in the 30th minute of the exercise

protocol, to simulate “cooling break–water break” (32) rule

implemented by FIFA. FIFA’s guidelines for extreme heat

conditions (i.e., wet bulb globe temperature > 32°C) refer cooling

breaks to be mandatory in both halves of a match, around the

30th minute and 75th minute, so that football players and

referees may rehydrate (42).

2.7.4 Blood glucose and lactate levels
Blood lactate and glucose levels were assessed via a fingertip

sample before and after the exercise protocol, recurring to a

Blood Lactate Meter (Lactate Pro 2, Arkray, Ltd., Koka-shi,
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Shiga, Japan) and a Glucometer (FreeStyle Precision Neo, Abbott

Laboratories, USA), respectively. Both devices have been

validated previously (43, 44).

2.7.5 Hydration status
Hydration status was evaluated through urine-specific gravity

(USG), recurring to urine test strips (Combur10 Test M, Roche,

Switzerland) and a Urisys 1100® analyzer (Roche, Switzerland)

before the start and at the end of the session.
2.8 Perceptual measures

2.8.1 RPE, thermal sensation, thermal comfort,
and perceived thirst

RPE was recorded through the CR-10 Borg scale (45) from 0

(“rest”) to 10 (“maximal effort”). Thermal sensation was

recorded with a 9-point scale (33) from −4 (“very cold”) to 4

(“very warm”) (46). Thermal comfort was assessed according to a

6-point scale from to −3 (“very uncomfortable) to 3 (“very

comfortable”) (47). Perceived thirst was evaluated recurring to a

7-point scale from 1 (“not thirsty at all”) to 7 (“very, very

thirsty”) (48).
2.9 Physical parameters

2.9.1 Distance covered
Distance covered was calculated based on the number of shuttle

run routes taken by the participants, multiplying the number of

routes by the length of each route− 20 m (51). The number of

shuttle run routes was measured using an app (https://

simplecounter.app/). Counting was started after the warm-up, at

the beginning of the 45-min exercise protocol.
2.10 Experimental procedure

Upon arrival at the laboratory, having abstained from vigorous

exercise in the 24 h before the test, and after the telemetric pill

ingestion, a urine sample was collected for a USG test to check

hydration status. Both trials were schedule at the same time of

the day to control for circadian variations. Body mass was

assessed to gauge sweat loss, and water bottles were weighed after

this (and immediately after the end of the exercise protocol).

After body mass assessment, heart rate and core temperature

measurement devices were activated. Then, pre-exercise blood

lactate and glucose levels evaluation occurred, through finger

prick to capillary blood draws.

Next, participants were taken to the experimental room where

the exercise protocol took place. Despite the short duration of the

exercise protocol, internal temperature was closely monitored to

ensure prevention of heat-induced illness.

When the participants arrived at the room, pre-cooling began.

So, beverages (previously prepared and stored at room

temperature) were distributed to the referee. Total volume of
frontiersin.org
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beverages for pre-cooling previously described (75 ml of Beverage

A or B) (49) were divided into three equal parts and made

available to the participant every 1 min. Participants were

instructed to swill both beverages for 10 s before spitting into a

bowl without swallowing. Perceptual measures (thermal

sensation, thermal comfort, and perceived thirst) were evaluated

before the beginning of the pre-cooling and after the last mouth

rinse. Afterward, the participants began to warm-up, performing

the same exercise protocol for 5 min. A water bottle was offered

to the participants, and they were instructed to drink ad libitum

but only in the “water break” (at the end of the second 15-min

block), in order to mimic FIFA’s “cooling–water” break. The

temperature of the water was measured before the water break,

using a digital thermometer (YSI 409B, Yellow Springs

Instruments, Ohio, USA). During the warm-up, as well as after

each 15-min block, environmental conditions were measured

according to the Kestrel 5400 Heat Stress Tracker (Kestrel

Instruments®, Boothwyn, PA, USA) (32).

The exercise protocol then started and perceptual measures

were evaluated at the end of each 15-min block. At the end,

under normothermic conditions, blood lactate and glucose levels

were measured again and afterward, the RPE scale was applied to

the participants. Figure 1 provides an overview of the

measurements and the study protocol.
2.11 Statistical analysis

All statistical analyses were performed using SPSS (IBM

SPSS Statistics 28 Inc., USA). Statistical significance was

accepted at P < 0.05. Normal distribution was tested using the
FIGURE 1

Schematic representation of the experimental trial.
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Shapiro–Wilk test. Data are presented as mean ± SD, unless

otherwise indicated. Single time point data were examined for

within-group effects across conditions using a one-way

repeated-measures analysis of variance (ANOVA). A two-way

repeated-measures ANOVA was used to test for within-group

effects across time in both conditions. If sphericity was

violated, a Greenhouse–Geisser correction was applied. When

a significant difference was found for main effects (trial or

time), post-hoc pairwise comparisons were made incorporating

a Bonferroni adjustment. The magnitude of effect was

calculated with partial eta-squared (h2
p) according to the

following criteria: 0.02, small difference; 0.13, moderate

difference; and 0.26, large difference (49). A paired t-test was

used to compare single parameter differences and magnitude

of effect calculated (Cohen’s d ) according to the following

criteria: 0.2, small difference; 0.5, moderate difference; and 0.8,

large difference (49).
3 Results

3.1 Trial conditions and pre-exercise
biochemical measures

The menthol and placebo trials did not differ for

environmental conditions (menthol: temperature 34.2°C ± 0.6°C,

relative humidity 62.5% ± 1.0%, wet bulb globe temperature

30.3 ± 0.5°C; placebo: temperature 34.7°C ± 0.7°C, relative

humidity 60.4% ± 2.4%, wet bulb globe temperature 30.4 ± 0.4°C;

P≥ 0.05), or pre-trial USG levels (menthol: 1.013 ± 0.01 USG,

placebo: 1.012 ± 0.01 USG, P = 0.347). Also, no differences were
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TABLE 2 Biochemical measures before and after exercise, across menthol and placebo trials.

Parameter Pre-test (n = 9) Post-test (n = 9) P-value

Menthol Placebo P-value Menthol Placebo
USG 1.013 ± 0.01 1.012 ± 0.01 0.347 1.013 ± 0.05 1.012 ± 0.05 0.282

Blood glucose (mg/dl) 97.6 ± 19.6 93.1 ± 10.2 0.406 99.2 ± 12.5 92.7 ± 10.2 0.119

Blood lactate (mmol/L) 2.5 ± 0.6 1.9 ± 0.6 0.111 2.7 ± 0.5 2.1 ± 0.4 0.321

Data are presented as mean ± SD (n= 9).
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detected for pre-trial glucose and lactate levels (menthol: glucose

97.7 ± 19.2 mg/dl, placebo: 93.1 ± 10.2 mg/dl, P = 0.406; menthol:

lactate 2.48 ± 0.62 mmol/L, placebo: 1.90 ± 0.61 mmol/L, P =

0.111) (Table 2).
3.2 Physiological responses to mouth rinse

There was no main effect of mouth rinse on core temperature,

heart rate, sweating rate, post-exercise hydration status, and ad

libitum water intake, as well as an interaction effect between mouth

rinse and time on core temperature and heart rate (core

temperature: menthol: F(1,8) = 0.26, P = 0.622, h2
p ¼ 0:032, menthol ×

time: F(3,24) = 1.1, P = 0.290, h2
p ¼ 0:441; heart rate: menthol: F(1,8) =

2.64, P = 0.143, h2
p 0.248, menthol × time: F(3,24) = 1.83, P =

0.212, h2
p ¼ 0:186; sweating rate: menthol: F(1,8) = 1.61, P = 0.240,

h2
p ¼ 0:168; hydration status: menthol: F(1,8) = 1.33, P = 0.282,

h2
p ¼ 0:143; water intake: menthol: F(1,8) = 0.13, P = 0.724,

h2
p ¼ 0:016). Blood lactate and glucose levels at the end were also

not significantly different between conditions (lactate: F(1,8) = 2.91,
FIGURE 2

Mean ± 95% CI for core temperature (A), heart rate (B), sweating rate (C) and
points. *Significant difference between exercise blocks, with no difference
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P = 0.321, h2
p ¼ 0:619; glucose: F(1,8) = 3.02, P = 0.119, h2

p ¼ 0:276).

Physiological responses are presented in Table 2 and Figure 2.

Core temperature (°C) and heart rate (b min−1) significantly

increased over time (core temperature: F(15.75,0.33) = 17.34, P <

0.001, h2
p ¼ 0:979; heart rate: F(1.268,10.143) = 151.06, P < 0.001,

h2
p ¼ 0:950). Heart rate was higher at every time point than the

previous time point (all P < 0.01, all d > 1.1), as well as core

temperature (all P < 0.01, all d > 0.9), except for the last 15-min

block (P = 0.073, d = 0.18), where core temperature decreased for

both conditions (Figures 2A,B).
3.3 Perceptual responses to mouth rinse

There was no main effect of mouth rinse on thermal sensation,

thermal comfort, and perceived thirst (thermal sensation: F(1,8) =

1.22, P = 0.302, h2
p ¼ 0:132; thermal comfort: F(1,8) = 1.07, P = 0.332,

h2
p ¼ 0:118; perceived thirst: F(1,8) = 0.42, P = 0.537, h2

p ¼ 0:049).

However, there was an interaction effect between mouth rinse and

time on thermal sensation and thermal comfort but not on perceived

thirst (thermal sensation: F(4,32) = 9.51, P = 0.037, h2
p ¼ 0:135; thermal
water intake (D) across the menthol and placebo conditions, for all time
between groups.
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FIGURE 3

Mean ± 95% CI for thermal sensation (A), thermal comfort (B), perceived thirst (C) and RPE (D) across the menthol and placebo conditions, for all time
points. *Significant difference between exercise blocks, with no difference between conditions. #Significant difference between conditions. AFC, after
cooling; AU, arbitrary units.
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comfort: F(4,32) = 8.70, P = 0.041, h2
p ¼ 0:126; perceived thirst: F(4,32) =

2.95, P = 0.089, h2
p ¼ 0:021). Pairwise analysis confirmed that thermal

sensation was significantly lower in menthol trial after cooling (P =

0.022, d = 0.41) and thermal comfort was significantly higher also

after cooling in the menthol condition (P = 0.044, d= 0.37). Thermal

sensation and thermal comfort did not differ between menthol and

placebo conditions at baseline and at the first, second, and third

exercise blocks (all P≥ 0.05).

Thermal sensation, thermal comfort, and perceived thirst

significantly changed through each time point (thermal sensation:

F(1.27,10.215) = 14.10, P = 0.002, h2
p ¼ 0:638; thermal comfort:

F(1.35,10.603) = 12.20, P = 0.003, h2
p ¼ 0:604; perceived thirst:

F(2.255,18.043) = 29.38, P < 0.001, h2
p ¼ 0:786). Thermal sensation

significantly decreased from baseline to after cooling and then

significantly increased over time (all P < 0.05, all d > 0.8).

Thermal comfort significantly increased from baseline to after

cooling and significantly decreased over time (all P < 0.05, all

d > 0.6), except for the last exercise block, where thermal

comfort was not significantly higher than the previous block

(P = 1.00, d = 0.1). Perceived thirst significantly increased from

baseline and after cooling to the second and third exercise

blocks, as well as from the first to second and third exercise

blocks (all P < 0.05, all d > 0.4), with no differences between

any other time points. Perceptual responses are presented

in Figures 3A–C.

Finally, there was no main effect of mouth rinse on

RPE [F(1,8) = 0.0, P = 1.00, h2
p ¼ 0:000], as a matter of fact
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mean RPE in the menthol condition was equal to the placebo

(P = 1.00) (Figure 3D).
3.4 Effect of mouth rinse on exercise
performance

There was no main effect of mouth rinse, or interaction effect

between mouth rinse and time on distance covered (Figure 4)

(menthol: F(1,8) = 1.24, P = 0.298, h2
p ¼ 0:134; menthol × time:

F(2,16) = 0.23, P = 0.801, h2
p ¼ 0:027). The distance covered during

each of the 15-min exercise block was not significantly different

between the three blocks [F(2,16) = 0.16, P = 0.855, h2
p ¼ 0:019] in

both conditions.
4 Discussion and implications

The purpose of the present study was to evaluate the effect of

pre-cooling with menthol solution mouth rinse on perceptual

measures and distance covered in male football referees, while

performing an exercise protocol that mimics a football game.

Our main findings revealed that mouth rinsing with a menthol

solution ameliorated perceptual measures, enhancing thermal

sensation and thermal comfort immediately after rinsing, but

with no long-term effect. Also, no changes were observed in

physical performance, not even in the first exercise block,
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refuting our initial hypothesis that an eventual improvement in the

perceptual measures would benefit physical performance.
4.1 Effect of mouth rinse on exercise
performance

Physical performance measured by the distance covered did

not significantly differ between conditions, which is in

accordance with previous findings that revealed no improvements

in intermittent exercise performance with oral menthol, even

when thermal comfort was higher, as occurred in our study

(50, 51). This may be due to the fact that exercise performed in

an intermittent intensity mode, interspersing high-intensity bouts

with periods of rest, causes less heat stress than the same amount

of continuous exercise, where stored heat is greater and core

temperature and thermal sensation rise faster (52–54). We may

also speculate that, despite the observed increases in heart rate

and core temperature along our exercise protocol, the exercise

task may have not increased over time, since the distance

covered in each block was similar, with no deterioration in

performance over time. This may explain the fact that menthol

did not have a significant impact on physical performance in our

study, which could have been detected with a more demanding

exercise protocol. In addition, it was previously observed that a

cooling intervention using ice slurry reduced core temperature

and heart rate at the end of an intermittent exercise protocol

performed in hot conditions, which was translated to an increased

peak power (+4%) and work done (+2%) in the intervention group

(55, 56). These performance data, combined with no differences in

RPE or thermal sensation between cooling and control trials,

suggested that the performance ability during intermittent sprints

in the heat was more closely related to physiological responses,

rather than perceived temperature. This highlights an explanation
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for the unchanged intermittent exercise performance in the present

study, despite improved thermal sensation and thermal comfort, as

a non-thermal cooling method was used. Other study showed that

peak power only improved in heat (+2%) when the intervention

induced reductions in core temperature, heart rate, and thermal

sensation (24). For that reason, thermal internal cooling techniques

may best suit intermittent exercise protocols. These findings

indicates that physiological intervention might be worthy for

intermittent sprinting in the heat, while physiological and

perceptual manipulations should be discussed for continuous

endurance exercise in heat (25).

Furthermore, even though we observed a significant increase in

thermal sensation in both conditions during our exercise protocol,

thermal sensation points were higher during exercise in other trials

with continuous endurance efforts (18, 21, 38, 57). This also may

explain why we did not find a performance improvement with oral

menthol, since the “thermal stress” felt by the participants may not

have been high enough to benefit from non-thermal cooling.
4.2 Physiological responses to mouth rinse

Consistent with the “non-thermal” mechanistic basis of

menthol’s cooling effects (31), there were no changes in core

temperature or heart rate between conditions. Actually, our work

showed lower core temperature values (menthol: 37.6 ± 0.4°C),

compared to what was achieved (∼39.5°C) in other studies,

where a continuous endurance exercise protocol was performed

(19, 57, 58). Oral menthol significantly improved physical

performance in those studies, which may be due to the higher

heat storage observed. It is unlikely that the smaller increase in

core temperature found in our protocol is due to atmospheric

conditions, as other studies carried out under similar

atmospheric conditions have higher core temperature values
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(18, 22, 27). Perhaps, exercise intensities achieved in our study were

not sufficiently high, which is supported by the lower heart rate

values (menthol: 135.5 ± 11.1 b min−1), compared to other

findings (19, 21, 22), as well as an average RPE of 4 points,

corresponding to “somewhat hard.”

It is still important to point out that core temperature increased

throughout the exercise protocol but decreased in the last block

possibly as a consequence of the “water break” (Figure 2A). It is

expected that the increase in core temperature will be attenuated

when participants hydrate themselves with sufficient fluid volumes,

even if the water was at room temperature (59), as was the case.

Regarding water intake, previous studies demonstrated a larger

consumption when the fluid was cold (≤5°C) compared to a

control (16–19°C) (24, 60). In fact, we used a beverage

temperature similar to deep body temperature to minimize the

influence of visceral temperature modulation, but other studies

used cooler mouth rinses (57, 61). However, as menthol exerts

its cooling effect by activating subsequent stimuli (inspired air,

water consumed) feel cool (17), water may be understood as

cooler in the menthol trial, which may have contributed to

increase the volume ingested (even though not significant).
4.3 Perceptual responses to mouth rinse

Menthol, by stimulating the trigeminal system, seems to

directly activate reward centers in the brain to increase “central

drive” and enhance work capacity (62). Activation of these areas

in the brain, such as the insula/frontal operculum, the

orbitofrontal cortex, and the striatum, may lower perceived

exertion (63) and help improve motivation during exercise

performance (64). Nonetheless, in our study, there were no

significant differences in RPE between conditions. To the best of

our knowledge, none of the studies that applied oral menthol in

intermittent exercise found improvements in RPE. In those

studies (50, 51), core temperature and heart rate values were

similar to those observed in our work, supporting that menthol

may not affect RPE in this type of exercise protocols, possibly

due to a less physically demanding exercise task.

Our findings revealed an improvement in thermal sensation and

thermal comfort after cooling, but not in subsequent time points.

Another study where an intermittent exercise protocol with similar

duration was performed, thermal sensation and thermal comfort

were also immediately improved after menthol mouth rinse (50).

However, this improvement continued throughout the exercise

because oral menthol was administered every 10 min. It is highly

likely that multiple moments of per-cooling during our exercise

protocol would have led to an extension of the improvement in

the perceptual measures. Anyhow, we intended to make our

protocol as realistic as possible, getting closer to the cooling and

hydration timings that exist in a football game.

Despite being expected to find differences between conditions

in perceived thirst (65), it was not lower in the menthol trial.

Oral menthol rising is presumed to increase the drive to breathe

and ventilation, and to decrease thirst, as well as promote

sensations of coolness and freshness (23, 66). Menthol stimulates
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oral cold receptors and may subsequently have the same effects

on thirst and the hedonic process as cold water (67). As

perceived thirst was not lower in the menthol trial, perhaps a

greater concentration of menthol or a higher frequency of mouth

rinses during the exercise may be necessary.

The findings of the current study suggest that menthol

stimulation of the TRPM8 ion channel enhanced thermal

comfort and sensation following mouth rinsing, suggesting that

our participants were more “perceptually tolerant” to

physiological heat stress. The improvement in perceptual

measures right after rinsing would be expected as it was found in

previous research (68). However, improvements in perception did

not extend throughout the exercise, possibly indicating that a

higher frequency of menthol mouth rinsing should have been

experimented. This, along with a higher demanding exercise

protocol, could have contributed to a possible ergogenic action of

menthol. Future research should explore the influence of

menthol mouth rinsing also in the advanced stages of exercise,

when fatigue is traditionally high, concretely in long-lasting

moderate-to-high-intensity exercise protocols.
4.4 Limitations

As there is no validated exercise protocol that mimics the activity

of football referees, the SAFT-45 was chosen, although it has only

been validated for football players. The exercise protocol was

performed in an experimental room with hot and humid

environments to simulate conditions of high temperature and

humidity, while still ensuring stability between measures. The

closed task of SAFT-45 possibly provokes an experimental artifact,

because participants are not able to sprint and perform freely

(either in frequency or duration). Future work should consider the

benefits of a “free” task (e.g., devising a protocol with an

undefined sprint duration), or participant-regulated sprint

frequency, where participants could pace independently in

response to non-thermal cooling interventions in the heat. This

approach may enable different responses due to the elevation in

pacing associated with these tasks, differentiating it from the

SAFT-45, which applies a fixed duration and fixed frequency of

sprinting. In this study, we opted to shorten the original SAFT-90

and used the SAFT-45, to increase adherence and ensure the

crossover design with the second visit of the participants.

Conversely, this may have been a major limitation of the study,

because the exercise protocol lasts only 45 min and, therefore, only

replicates the first half of a football match. Future work should

extend the task duration to more closely replicate the team sport

of interest (69), in high-level team sport players or referees.

Another possible limitation of our work was the non-use of

menthol crystals to prepare the solution, as in other studies (16,

19, 20, 22). However, Kalantzis et al. showed that menthol

significantly changes thermal sensory thresholds in the oral

cavity (68) when the participants were asked to suck a lozenge

(Halls Extra Strong menthols, Mondelez International,

Birmingham, United Kingdom) immediately before repeating the

measurement of the thermal thresholds on the right dorsal
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surface of the tongue, indicating that this substrate can also be used

to trigger changes in thermal perception, being much more

practical than preparing the beverage with menthol crystals,

which requires a lot of time in advance.

Finally, although with the aim of understanding whether

menthol would influence the perception of thirst and,

consequently, the amount of water ingested, not fixing the

volume of water that the referees drank during the exercise in

both trials could have conditioned the perceptual results

observed in the last block of exercise. However, this was not

observed, since no significant differences were found for water

intake and no statistical effects were observed between conditions

for perceptual measurements after the 30th-min water break.
5 Conclusions

Mouth rinsing with a menthol solution improved thermal

sensation and comfort immediately after the administration but

had no long-term effect during a 45-min intermittent exercise

protocol, in heat, in male football referees. In opposition of what

was hypothesized, no changes were also detected in the physical

performance or physiological responses. Pre-cooling with oral

menthol in a hot and humid environment may promote an

immediate change on perceptual measures, but not enough to

improve intermittent exercise performance in football referees.
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Investigating the 
interrelationships among food 
habits, sports nutrition 
knowledge, and perceived 
barriers to healthy eating: a study 
of adolescent swimmers
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University, Al-Salt, Jordan

This cross-sectional study aims to explore the relationships between food habits, 
perceived barriers to healthy eating, and sports nutrition knowledge among 
adolescent swimmers. The study focuses on understanding how these factors 
interact and influence dietary choices in young athletes. A cohort of 52 adolescent 
swimmers aged 12–18 from Al Hussein Youth Club in Al-Hussein Sport City 
participated in the study. Data were collected through surveys assessing food 
habits, perceived barriers to healthy eating, and sports nutrition knowledge. Pearson 
Correlation analysis was employed to examine associations between variables, and 
stepwise regression analysis was used to identify predictors of food habits. The 
analysis revealed a significant positive association between food habits and sports 
nutrition knowledge (r = 0.393, p = 0.004). Knowledge emerged as a significant 
positive predictor of food habits (β = 0.393, p = 0.004), highlighting the influential role 
of sports nutrition knowledge in shaping the dietary choices of adolescent swimmers. 
However, the introduction of Barriers lacked significance, and individual predictors 
did not reach statistical significance. These findings underscore the importance of 
targeted interventions aimed at enhancing nutritional education among adolescent 
swimmers. Understanding the interplay between knowledge, barriers, and food 
habits provides valuable insights into the complex dynamics that influence the dietary 
choices of young athletes. Addressing these factors through tailored educational 
programs can promote healthier eating habits and optimize performance among 
adolescent swimmers. This study highlights the critical role of sports nutrition 
knowledge in shaping the dietary behaviors of adolescent swimmers. By addressing 
knowledge gaps and overcoming perceived barriers, targeted interventions can help 
improve food habits and enhance the overall health and performance of young 
athletes.
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Introduction

Insufficient understanding of nutrition among athletes has the 
potential to impact their performance (1, 2). It is crucial for adolescent 
athletes to embrace a healthy eating regimen to adequately fulfill their 
nutritional requirements, foster well-being, and optimize their athletic 
performance (3, 4). While sports organizations worldwide emphasize 
the significance of continuous nutritional education for young 
athletes, coaches, and parents (5, 6), the extent of nutrition education 
among adolescent athletes, particularly swimmers, remains 
inadequately explored.

Nonetheless, the necessity for athlete education is apparent, as 
evidenced by a study involving elite athletes, a substantial proportion 
of them were aged under 18 years. These athletes exhibited lower 
scores in the section about ‘nutrient sources’, as compared to 
individuals who are not athletes (7). Additionally, a comprehensive 
analysis of nutrition knowledge (NK) among competitive, recreational, 
or elite athletes aged 13 and above revealed that while athletes’ 
understanding of nutrition was on par with or superior to that of 
non-athletes, it lagged behind when compared to non-athlete 
comparison groups (8). Several research studies have demonstrated 
inadequate compliance of athletes with dietary guidelines, coupled 
with insufficient consumption of essential micronutrients (9, 10). 
Enhancing the Food habits (FH) of adolescent swimmers (ASs) could 
potentially involve bolstering their understanding of nutrition.

The Consensus Statement on ‘Nutrition for Swimming’ from The 
International Journal of Sport Nutrition and Exercise Performance 
proposes achieving this objective by implementing a carefully 
designed nutrition education program. This initiative is intended to 
systematically enhance participants’ understanding of nutrition 
principles (11). It is widely acknowledged that achieving peak athletic 
performance can be significantly influenced by optimal nutrition (12). 
Nonetheless, several obstacles have the potential to impede athletes 
from attaining the best possible dietary practices. These challenges 
encompass constraints such as inadequate time and kitchen facilities 
to cook meals, limited financial means, deficient abilities in meal 
planning and preparation, and demanding travel schedules (13).

Studies on nutrition education have echoed comparable outcomes, 
showcasing its efficacy in enhancing individuals’ understanding of 
food, their dietary behaviors, and their mindfulness about nutrition. 
These results underscore the necessity and effectiveness of nutrition 
education in augmenting knowledge about nutrition, self-confidence 
in making dietary choices, and fostering favorable shifts in 
perceptions (14).

Studies involving children have indicated that interventions 
encompassing multiple components and involving parental 
participation have demonstrated the greatest success in enhancing FH 
(15). However, nutrition education programs of this nature are 
relatively underexplored in the context of adolescent athletes. Only a 
few isolated cases have yielded mixed outcomes in this regard (16, 17). 
Despite research indicating that numerous athletes tend to 
underestimate their nutrient requirements (18) and frequently fall 
short of meeting the nutrition guidelines essential for optimal 
performance (19–21), limited attention has been given to exploring 
the potential barriers to healthy eating among ASs.

During the adolescent phase, the nutritional demands for sports 
involvement become more complex due to the simultaneous 
requirements of growth, physical development, and psychological 
maturation. Inadequacies in nutrition during this period can lead to 

enduring repercussions extending into adulthood (22). Adolescence 
serves as a crucial juncture for establishing dietary patterns (22). 
Consequently, special attention is needed for the FH and NK of 
teenage athletes (23).

The dietary routines of young swimmers can be influenced by 
their substantial time commitment to clubs and training centers, 
necessitating meals outside their homes. Frequently, they are 
accountable for their food choices, which can pose challenges in 
maintaining a nutritious and balanced diet to counterbalance the 
energy expended in their athletic pursuits. Considering the level of 
autonomy adolescent athletes possess over their diet and physical 
activities, having a grasp of nutrition can play a pivotal role in 
cultivating appropriate eating behaviors in this group. Nevertheless, 
research in diverse cultural settings has exposed gaps in athletes’ 
nutritional understanding, encompassing both general nutritional 
aspects (24) and comprehension of their sport-specific requirements 
(23, 25). These knowledge deficiencies can be  amplified by 
misconceptions about dietary practices (23) that may stem from 
superstitions or unreliable advice.

In order to foster more healthful dietary practices among 
adolescent athletes, it is crucial to confront these hurdles and equip 
them with precise nutritional instruction. This instruction should not 
solely concentrate on fundamental nutritional principles but also 
extend to the specific dietary prerequisites linked to their sport. This 
approach empowers athletes to make knowledgeable decisions that 
bolster their performance and overall well-being. Given the 
demanding schedules of ASs, which involve training and school 
responsibilities, it becomes crucial to comprehend the barriers they 
face when making nutritional choices.

The aim of this study was to explore the correlations between FH, 
perceived obstacles to maintaining a healthy diet, and the level of SNK 
among ASs. The study examined potential links between the FH of 
ASs and their PBHE to adopting a healthy diet.

The first hypothesis proposes that there is a positive association 
between the quality of FH and the level of SNK among ASs, resulting in 
a lower PBHE. The second hypothesis suggests that various demographic 
factors, including swimmer category, gender, training experience, and 
BMI, may act as moderators in the relationship between FH, PBHE, and 
SNK among ASs. It is postulated that these demographic variables 
influence how the aforementioned relationships manifest.

Materials and methods

Participants

In the conducted study, a cross-sectional design was implemented 
to explore the interplay between dietary habits, PBHE, and SNK 
among ASs associated with Al Hussein Youth Club in Al-Hussein 
Sport City. The participant recruitment process commenced in August 
2023, coinciding with researchers’ visits to the Olympic swimming 
pool in Al-Hussein Sport City. During these visits, 71 swimmers aged 
between 12 and 18 years, classified into the second, third, fourth, and 
fifth categories of both genders according to the International 
Swimming Federation (FINA), were informed about the research’s 
purpose and invited to volunteer. A total of 52 swimmers (73.2%) 
willingly participated, with assurances of confidentiality and no 
incentives provided. Informed consent from participants and parent/
guardian assent was obtained prior to their involvement in the study.
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The data collection phase occurred concurrently with the 
Jordanian Clubs Swimming Championship at the Olympic Pool in 
Al-Hussein Sport City, spanning from August 23, 2023, to August 27, 
2023. While coaches did not partake in the study, they, along with 
researchers, were available to assist participants in clarifying 
questionnaire-related queries. The completion of surveys took an 
average of 45 min. The study protocol received approval from NAMA 
Strategic Intelligence Solutions (No. M-SH/1/523).

The criteria for inclusion and exclusion from the group in the 
conducted study were defined to ensure the relevance and reliability of the 
research findings. Inclusion criteria encompassed participants aged 
between 12 and 18 years who were affiliated with Al Hussein Youth Club 
in Al-Hussein Sport City and fell into the second, third, fourth, or fifth 
categories according to the International Swimming Federation (FINA). 
Additionally, voluntary participation and informed consent were essential 
prerequisites for inclusion. Conversely, exclusion criteria encompassed 
individuals outside the specified age range, those not associated with the 
mentioned club, and those not classified within the designated swimmer 
categories by FINA. These criteria were established to maintain the study’s 
focus on a specific population group namely, ASs from Al Hussein Youth 
Club and to mitigate potential confounding variables while adhering to 
ethical guidelines regarding informed consent and 
participant confidentiality.

This diverse study population, as evidenced by the distribution of 
participants across various demographic variables, contributes to a 
comprehensive understanding of the research objectives. The majority 
of participants fell into the third category, representing 40.4%, 
followed by the second category at 13.5%. Gender distribution 
revealed a slight majority of male participants (53.8%), while 46.2% 
identified as female. Participants’ Body Mass Index (BMI) varied, with 
the largest proportion falling within the 25th Percentile range (44.2%). 
Experience levels were also diverse, with 5–7 years being the most 
common bracket at 38.5%.

Procedures

The procedures employed for data collection in this study involved 
the use of a self-administered printed questionnaire to gather 
information on participants’ demographic details, PBHE, SNK, and 
FH. Specifically, for ASs, the research team conducted direct 
measurements of height and weight using the Health-o-Meter portable 
digital floor scale. To standardize body weight data collection, 
swimmers were instructed to wear a swimsuit.

Participants’ height and weight data were utilized to calculate 
body mass index (BMI) in kilograms per square meter (kg/m2). 
Studies have shown a strong correlation between self-reported and 
measured BMIs (26). Subsequently, the height and weight data 
underwent comparison with the Centers for Disease Control (CDC) 
growth charts to identify any instances of self-reported values that 
deviated excessively from the norm (27).

Instruments

Perceived barriers to healthy eating (PBHE)
A set of questions addressing barriers to maintaining a healthy 

diet was adapted from a prior study focusing on barriers to weight 

management (28). Participants were presented with five response 
options: ‘strongly disagree,’ ‘disagree,’ ‘neither agree nor disagree,’ 
‘agree,’ and ‘strongly agree’. Each option was assigned a numerical 
value ranging from 1 to 5, indicating higher barriers with increasing 
values. However, in the section covering social and environmental 
barriers, a modification was made to the original paragraph. Instead 
of ‘Not having time to prepare or eat healthy foods due to ‘job,” the 
revised statement reads, ‘Not having time to prepare or eat healthy 
foods due to school.’ This adjustment is more applicable to adolescents 
who are primarily engaged in education rather than work. Similarly, 
the phrase ‘Not having time to prepare or eat healthy foods because of 
my family commitment’ was revised to ‘Not having time to prepare or 
eat healthy foods because of my commitment to training’. This 
modification is made to clarify that this category pertains to other 
obligations, such as training, whereas family commitments are more 
relevant to adults. The internal consistency of measurement scale was 
assessed based on a survey sample of 25 participants. The PBHE Scale, 
comprising 11 items, demonstrated a moderate level of reliability with 
a Cronbach’s Alpha of 0.724. These reliability statistics suggest that the 
items within scale consistently measure the intended constructs, 
providing a reliable foundation for further analyses in exploring PBHE 
within the surveyed sample (see Table 1).

Sports nutrition knowledge (SNK)
The survey utilized to assess the nutritional knowledge (NK) of 

athletes was the NK for Athletes survey, chosen for its validated 
suitability for this specific purpose. This survey, having undergone 
rigorous validation procedures, offers attributes such as minimal time 
burden, updated content, and user-friendliness, particularly suitable 
for early adolescents. The survey comprises 59 items that cover various 
aspects of sports nutrition, including macronutrients, micronutrients, 
hydration, and the frequency of food intake (29). Participants were 
asked to provide responses to these items, and each correct answer was 
awarded +1 point, incorrect answers were given a score of −1 point, 
and unanswered items received 0 points. Higher scores on the survey 
indicated a higher level of nutrition knowledge, with the maximum 
achievable score being 59 points. The SNK Scale, a more extensive 
measure with 59 items, maintained a moderate level of internal 
consistency, reflected by a Cronbach’s Alpha of 0.731. These reliability 
statistics suggest that the items within scale consistently measure the 
intended constructs, providing a reliable foundation for further 
analyses in exploring SNK within the surveyed sample (see Table 1).

Food habits (FH)
Food habits: encompassing a set of 14 inquiries. One question has 

been excised: Is wine or beer commonly consumed during meals? This 
omission stems from the study’s focus on adolescents aged 12–18, 

TABLE 1 Internal consistency assessment of scales.

Scale Cronbach’s Alpha Number of 
items

Perceived barriers to 

healthy eating (PBHE)

0.724 11

Food habits (FH) 0.724 13

Sports nutrition 

knowledge (SNK)

0.731 59
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making the question incongruous for this demographic. Consequently, 
the total number of questions stands at 13.

The aim of this segment was to examine the FH of adolescents, 
with a particular focus on aspects like the composition of breakfast, 
frequency of daily meals, regular intake of fruits and vegetables, and 
consumption patterns of soft beverages.

Seven of the questions had the following response categories: 
“always,” “often,” “sometimes,” and “never.” Conversely, the remaining 
six questions employed distinct structures featuring four response 
categories. Each response was allocated a score between 0 and 3, 
where the highest score indicated the healthiest choice and the lowest 
denoted the least healthy. The cumulative score attainable for this 
section amounted to 39. The FH Scale, consisting of 13 items, 
exhibited comparable reliability with a Cronbach’s Alpha of 0.724. 
These reliability statistics suggest that the items within scale 
consistently measure the intended constructs, providing a reliable 
foundation for further analyses in exploring FH within the surveyed 
sample (see Table 1).

Statistical analyses

The study employed a variety of statistical analyses to thoroughly 
examine different aspects of the collected data. Initially, an internal 
consistency assessment was conducted using Cronbach’s Alpha, a 
widely accepted measure for evaluating scale reliability. The study 
employed descriptive statistics and categorical analysis, presenting 
counts and row percentages for various categorical variables related to 
the scales. Furthermore, correlation analysis was applied with Pearson 
Correlation coefficients calculated to explore relationships between 
different scales. Finally, a stepwise regression analysis was performed 
to identify predictors influencing food habits. Together, these analyses 
provide a comprehensive and insightful examination of scale 
reliability, inter relationships between variables, and factors 
influencing FH within the surveyed sample.

Results

Table 2 presents a breakdown of categorical variables related to 
different scales, each classified into low, moderate, and high levels. The 
categories include food habits.cat, personal Barriers.cat, social 
Barriers.cat, environmental Barriers.cat, barriers.cat, and Sports 
Nutrition Knowledge.cat. The counts and row percentages for each 

level are provided, offering insights into the distribution of participants 
across the specified categorical variables.

Table  3 explores the interconnections among various scales, 
specifically examining the relationships between food habits, personal 
barriers, social barriers, environmental barriers, overall barriers, and 
knowledge. The table presents Pearson Correlation coefficients along 
with corresponding two-tailed significance levels (Sig.). Additionally, 
the sample size (N) for each correlation is provided, enhancing the 
understanding of statistical relationships based on data collected from 
52 participants. Notably, a significant positive correlation is evident 
between the ‘Food Habits’ and ‘Knowledge’ scales, indicated by a 
Pearson Correlation coefficient of 0.393 and a noteworthy two-tailed 
p-value of 0.004.

Table  4 presents a comprehensive overview of a stepwise 
regression analysis aimed at identifying predictors influencing 
food habits. In the initial step, SNK emerges as a statistically 
significant positive predictor (β = 0.393, p = 0.004), indicating a 
positive association with FH. However, introducing PBs in Step 2 
results in a statistically significant positive relationship 
(β = −0.173, p = 0.187). In the absence of a statistical indicator of 
barriers to eating healthy food, the positive association between 
SNK and FH seems to lead to a reduction in barriers to eating 
healthy food.

Moving to Step  3, additional predictors, including Category, 
Gender, BMI, and Experience, are introduced. However, none of these 
individual predictors demonstrates a statistically significant 
relationship with FH at this step Category (β = 0.103, p = 0.481), 
Gender (β = 0.041, p = 0.785), BMI (β = −0.164, p = 0.223), and 
Experience (β = 0.010, p = 0.949).

Despite the lack of individual predictor significance, the overall 
model remains statistically significant across all steps (Step 1: F = 9.153, 
p = 0.004; Step 2: F = 5.543, p = 0.007; Step 3: F = 2.173, p = 0.063). The 
R2 values indicate the proportion of variance explained, progressively 
increasing from 0.155 in Step 1 to 0.250 in Step 3. The incremental 
change in R2 is 0.029 in Step 2 and 0.066 in Step 3, suggesting notable 
enhancements in the model’s explanatory power upon the inclusion 
of predictors.

Discussion

This study investigated the correlations between FH, PBHE, and 
the SNK among ASs, while also considering the moderating role of 
demographic factors in connecting FH, PB, and SNK. Two hypotheses 

TABLE 2 Categorical variables describing scales.

Low Moderate High

Count Row N % Count Row N % Count Row N %

Food habits.cat 14 26.9% 26 50.0% 12 23.1%

Personal barriers.cat 18 34.6% 21 40.4% 13 25.0%

Social barriers.cat 16 30.8% 27 51.9% 9 17.3%

Environmental barriers.cat 15 28.8% 27 51.9% 10 19.2%

Perceived barriers.cat 15 28.8% 27 51.9% 10 19.2%

Sports nutrition 

knowledge.cat

13 25.0% 28 53.8% 11 21.2%
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are proposed: the first suggests a positive association between FH and 
SNK, leading to a lower perception of barriers; the second proposes 
that demographic factors may moderate the relationships between FH, 
PBHE, and SNK among ASs.

Nutrition understanding significantly impacts athletes’ 
performance, emphasizing the importance of a healthy eating regimen 
to meet nutritional requirements and optimize athletic performance. 
Despite global recognition of the importance of continuous nutritional 
education for young athletes (5, 6), the precise exploration of 
fundamental dietary patterns among ASs remains insufficient within 
the existing body of literature. This study aims to fill this gap by 
examining SNK, FH, and PBHE among ASs, particularly in 
Jordanian athletes.

The study revealed a significant positive correlation between FH 
and SNK, indicating that an increase in SNK among ASs correlates 
with an improvement in the quality of their FH.

This aligned with previous research showing a positive association 
between nutrition knowledge and practices among adolescent athletes 
(30–32), the positive correlation between dietary intake and SNK 
among Adolescent Soccer Players supports this finding (33). Notably, 
our research outcomes are contrasts with a study demonstrating that 
possessing knowledge does not always result in the adoption of good 
dietary practices (34). The positive association between SNK and FH 
emphasizes the pivotal role of education in shaping athletes’ dietary 
choices (14, 35). Educational interventions targeting SNK 
enhancement could lead to positive changes in the dietary practices 
of young athletes (36). For example, Foo et  al. (37) conducted a 
nutrition education intervention among highly trained ASs, showing 
a significant improvement in SNK scores, indicating the positive 
influence of targeted education on athletes’ knowledge.

The results offer a nuanced perspective on the factors influencing 
food habits, shedding light on the relationships between SNK, PBs, 
and various demographic factors. Initially, a statistically significant 
positive association between SNK and FH (β = 0.393, p = 0.004) aligns 
with existing literature emphasizing the positive impact of nutrition 
knowledge on dietary choices (31, 38, 39). This underscores the role 
of education in fostering healthier eating habits among participants.

The introduction of PBs in Step  2 of the analysis reveals a 
noteworthy finding. The statistically significant positive relationship 
between PBs and FH suggests that as SNK increases, there is a 
concurrent reduction in personal barriers to healthy eating among 
ASs. This unexpected relationship can be seen as a positive outcome, 
indicating that higher knowledge levels empower individuals to 
overcome perceived obstacles, fostering the adoption of healthier 
dietary habits. Further exploration into the specific nature of these PBs 
and how increased knowledge contributes to their mitigation is 
warranted like targeted education initiatives that focus on increasing 
nutritional knowledge and practical skills have the potential to 
effectively address barriers to healthy eating. By empowering 
individuals to make informed choices, develop essential cooking skills, 
and cultivate a positive mindset toward nutrition, these initiatives can 

TABLE 3 Correlations between scales-investigating Pearson correlations 
and significance levels.

Food. Habits

Personal barriers Pearson Correlation −0.097

Sig. (2-tailed) 0.492

N 52

Social barriers Pearson Correlation −0.209

Sig. (2-tailed) 0.136

N 52

Environmental barriers Pearson Correlation −0.097

Sig. (2-tailed) 0.492

N 52

Perceived barriers Pearson Correlation −0.183

Sig. (2-tailed) 0.193

N 52

Sports nutrition 

knowledge(SNK)

Pearson Correlation 0.393**

Sig. (2-tailed) 0.004

N 52

**Statistical significance p < 0.05.

TABLE 4 Stepwise regression analysis of predictors influencing FH.

Variables Step 1 Step 2 Step 3

B β p B β p B Β p

Sports nutrition 

knowledge(SNK)

0.136 0.393 0.004 0.134 0.389 0.004 0.124 0.360 0.010

Perceived barriers(PB) – – – −0.095 −0.173 0.187 −0.104 −0.188 0.163

Category – – – – – 0.273 0.103 0.481

Gender – – – – – 0.284 0.041 0.785

BMI – – – – – – −0.665 −0.164 0.223

Experience – – – – – – 0.040 0.010 0.949

R2 0.155 0.184 0.250

Model fit
F = 9.153

p = 0.004

F = 5.543

p = 0.007

F = 2.173

p = 0.063

R2 change 0.029 0.066

Statistical significance p < 0.05.
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facilitate long-term behavior change and promote healthier lifestyles 
among athletes. The observed reduction in PBs with enhanced SNK 
underscores the potential effectiveness of targeted education 
initiatives. Studies by Brauman et al. (30) have identified significant 
barriers to healthy eating, such as lack of time, easy access to unhealthy 
foods, cost, lack of knowledge, and cooking skills. Additional research 
has shown that adolescents identify a lack of willpower and a hectic 
lifestyle as primary obstacles to embracing a healthy diet (33). These 
findings highlight the positive impact of targeted education initiatives 
in addressing barriers to healthy eating among athletes (40). By 
providing athletes with the knowledge and skills to navigate challenges 
such as time constraints, limited access to healthy foods, and financial 
considerations, educational interventions contribute to creating an 
environment conducive to healthier dietary choices (41).

In Step 3 of the analysis, additional predictors including category, 
gender, BMI, and experience are introduced. Despite their inclusion, none 
of these individual predictors demonstrates a statistically significant 
relationship with FH in this step. This lack of significance suggests that, in 
the context of this study, these demographic factors may not 
independently influence participants’ dietary behaviors. However, it is 
crucial to acknowledge the potential interplay and cumulative effect of 
these factors, which might collectively contribute to shaping FH.

The overall model’s persistence in statistical significance across all 
steps highlights the collective explanatory power of the included 
predictors. The increasing R-squared (R2) values signify the progressively 
improved ability of the model to explain the variance in food habits. The 
incremental change in R2 between steps indicates notable enhancements 
in the model’s explanatory power upon the inclusion of predictors, 
reinforcing the notion that a combination of SNK, PB, and demographic 
factors collectively contributes to the understanding of FH among 
participants. In accordance with our findings, another study also 
supported the results presented in this paper by detecting no differences 
based on sex or category (42). Similarly, a study found no significant 
correlations between sex, BMI, SNK, and FH (43). Additionally, another 
study showed no differences between SNK and gender (18). Conversely, 
a study validated that knowledge was notably linked to the age, gender, 
and duration of sports training among participants. Meanwhile, only age 
and BMI exhibited significant associations with FH (44).

The study’s identification of a significant positive relationship 
between PBHE and FH, coupled with the unexpected reduction in 
personal barriers as SNK increases, underscores the potential 
effectiveness of targeted educational initiatives. The results suggest 
that enhancing knowledge empowers individuals to overcome 
obstacles, fostering the adoption of healthier dietary habits. Further 
exploration into the specific nature of these barriers and how increased 
knowledge contributes to their mitigation could provide valuable 
insights for future interventions. The introduction of demographic 
factors, including category, gender, BMI, and experience, did not show 
individual significance in influencing food habits. However, the study 
acknowledges the potential cumulative effect and interplay of these 
factors, emphasizing the collective explanatory power of SNK, PB, and 
demographics in understanding participants’ FH. In light of these 
findings. The head coach, along with assistant coaches, plays a crucial 
role in reinforcing proper dietary practices among swimmers. This 
comprehensive approach extends beyond just working with the 
athletes; it involves engaging with both the swimmers and their 
parents. This strategy emphasizes that the SNK acquired is not just 
theoretical but is actively implemented in the athletes’ daily lives. 
Numerous studies underscore the importance of involving parents in 

the nutritional education process. This inclusion recognizes the 
influential role parents play in shaping their child’s dietary habits, 
ensuring a holistic approach to nutrition education and the major 
parental role in strengthening NK among adolescent competitive 
swimmers (45). This inclusion recognizes the influential role parents 
play in shaping their child’s dietary habits, ensuring a holistic approach 
to nutrition education and the major parental role in strengthening 
nutrition knowledge among adolescent competitive swimmers (46). 
Additionally, coaches act as mentors and facilitators in the athletes’ 
journey toward optimal nutrition, providing guidance and oversight. 
This involvement serves not only to educate but also to reinforce 
positive nutritional behaviors. By actively participating in tracking 
food habits, coaches contribute to the overall well-being of the athletes 
under their guidance, fostering a culture of health and performance. 
However, it’s crucial to acknowledge that athlete perceptions of 
coaches helping them track food intake can be highly controversial. 
Some athletes may feel subverted or like they are being too closely 
monitored by coaches, which can lead to negative outcomes such as 
developing a strained relationship with food and body image issues. 
This integrated approach, encompassing both parental involvement 
and coach-led monitoring, aligns with the broader sports community’s 
understanding of the interconnected factors influencing athletes’ 
nutritional choices and performance outcomes.

It is evident that targeted education initiatives play a crucial role in 
addressing barriers and fostering healthier dietary choices among young 
athletes. Crafting suitable nutrition education strategies using online 
resources and mobile applications can effectively bolster both nutritional 
knowledge and practices among athletes (47). Research indicates that 
mobile applications are especially proficient in augmenting nutrition 
knowledge (48). By integrating mobile applications, there exists 
substantial potential to elevate nutritional understanding (49) 
consequently fostering healthier dietary habits and advancing nutritional 
knowledge even further (50). Our study calls for continued efforts in 
providing athletes with the knowledge and skills to navigate challenges, 
such as time constraints, limited access to healthy foods, and financial 
considerations. Moreover, our study emphasizes the need for tailored 
educational programs to address the specific context of adolescent 
swimmers, contributing to the optimization of nutritional practices and, 
consequently, athletic performance.

It’s imperative to acknowledge several potential limitations associated 
with the dataset utilized in our study. Firstly, the sample size of the dataset 
may be limited, which could hinder the generalizability of our findings to 
a broader population of athletes. Secondly, our study may have employed 
a cross-sectional design, gathering data at a singular time point. This 
approach limits our ability to establish causality or track changes in 
dietary behaviors over time. Lastly, the conclusions drawn from our study 
may be specific to the context of adolescent swimmers. Consequently, the 
generalizability of our results to other athlete populations or different 
settings may be constrained. Recognizing these potential limitations is 
crucial for interpreting the implications of our study accurately and for 
guiding future research endeavors aimed at addressing the complexities 
of nutrition education among athletes.

Conclusion

In conclusion, this study sheds light on the relationships among 
FH, PBHE, and SNK within a cohort of 52 ASs aged 12–18 from Al 
Hussein Youth Club in Al-Hussein Sport City. The significant positive 
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association between FH and SNK underscores the importance of SNK 
in shaping the dietary choices of young athletes. However, the lack of 
significance in introducing PB and individual predictors suggests that 
the influence of barriers and demographic factors may not be  as 
straightforward in determining FH in this specific population. While 
individual predictors did not achieve statistical significance, the 
overall model remained significant, emphasizing the multifaceted 
nature of factors influencing FH among ASs. These findings contribute 
valuable insights into the nuanced dynamics of nutritional behaviors 
in ASs, highlighting the need for targeted interventions to enhance 
nutritional education. Some targeted interventions that could 
be  considered include, Firstly, Implementing nutrition education 
workshops specifically tailored to the needs and challenges of 
adolescent swimmers, addressing topics such as meal planning, 
nutrient timing, and hydration strategies. Secondly, providing access 
to online resources and mobile applications designed to enhance 
nutrition knowledge and promote healthy eating habits among 
adolescent swimmers. Additionally, collaborating with nutritionists or 
dietitians to offer personalized dietary counseling and guidance to 
athletes, considering their individual nutritional needs and goals. 
Lastly, Incorporating nutrition education into the overall training 
program for adolescent swimmers, emphasizing the importance of 
proper nutrition for performance, recovery, and overall health. The 
study advocates for the development of tailored educational programs 
that address the specific nutritional needs and challenges faced by ASs. 
By enhancing SNK, interventions can empower these athletes to make 
informed dietary choices, ultimately optimizing their performance 
and overall well-being. Future research endeavors should delve deeper 
into the diverse factors contributing to FH in adolescent athletes, 
considering contextual and individual variables that may influence 
nutritional behaviors. Such insights will aid in the formulation of more 
precise and effective interventions, fostering a culture of healthy FH 
among ASs. However, it’s important to note that with a small sample 
size, the findings of the study may not be representative of the broader 
population of ASs. The demographics, experiences, and health 
behaviors of the participants might not be reflective of other groups, 
limiting the generalizability of the results.
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Beet supplementation mitigates 
post-exercise inflammation
David C. Nieman 1*, Camila A. Sakaguchi 1, James C. Williams 1, 
Fayaj A. Mulani 2, Patil Shivprasad Suresh 2, Ashraf M. Omar 2 and 
Qibin Zhang 2

1 Human Performance Laboratory, Appalachian State University, North Carolina Research Campus, 
Kannapolis, NC, United States, 2 UNCG Center for Translational Biomedical Research, University of 
North Carolina at Greensboro, North Carolina Research Campus, Kannapolis, NC, United States

Objectives: This study investigated the efficacy of a mixed beet-based 
supplement (BEET) versus placebo (PL) in countering inflammation during 
recovery from 2.25  h of intensive cycling in 20 male and female cyclists. A multi-
omics approach was used that included untargeted proteomics and a targeted 
oxylipin panel.

Methods: A randomized, placebo-controlled, double-blind, crossover design 
was used with two 2-week supplementation periods and a 2-week washout 
period. Supplementation periods were followed by a 2.25  h cycling bout at 
close to 70%VO2max. The BEET supplement provided 212  mg of nitrates per day, 
200  mg caffeine from green tea extract, 44  mg vitamin C from Camu Camu 
berry, B-vitamins from quinoa sprouts (40% Daily Value for thiamin, riboflavin, 
niacin, and vitamin B6), and 2.5  g of a mushroom blend containing Cordyceps 
sinensis and Inonotus obliquus. Six blood samples were collected before and 
after supplementation (overnight fasted state), immediately post-exercise, and 
at 1.5  h-, 3  h-, and 24  h-post-exercise.

Results: The 2.25  h cycling bout increased plasma levels of 41 of 67 oxylipins 
detected. BEET supplementation significantly increased plasma nitrate (NO3

−) 
and nitrite (NO2

−) (sum, NO3
−  +  NO2

−) concentrations (interaction effect, 
p  <  0.001) and two anti-inflammatory oxylipins [18-hydroxyeicosapentaenoic 
acid (18-HEPE) and 4-hydroxy-docosahexanoic acid (4-HDoHE)]. The 
untargeted proteomics analysis identified 616 proteins (458 across all times 
points), and 2-way ANOVA revealed a cluster of 45 proteins that were decreased 
and a cluster of 21 that were increased in the BEET versus PL trials. Functional 
enrichment supported significant BEET-related reductions in inflammation-
related proteins including several proteins related to complement activation, the 
acute phase response, and immune cell adhesion, migration, and differentiation.

Discussion: Intake of a BEET-based supplement during a 2-week period was 
linked to higher plasma levels of NO3

−  +  NO2
−, elevated post-exercise levels 

of two anti-inflammatory oxylipins, and a significant decrease in a cluster of 
proteins involved in complement activation and inflammation. These data 
support that 2-weeks intake of nitrate from a mixed beet-based supplement 
moderated protein biomarkers of exercise-induced inflammation in athletes.
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Introduction

Nitrate is found in some root vegetables such as beets and in green 
leafy vegetables such as spinach and lettuce. The typical Western diet 
provides about 110 mg/day nitrate (1, 2). After ingestion, nitrate is 
metabolized to nitric oxide and other bioactive nitrogen oxides 
through a complex pathway. Nitrate is absorbed in the small intestine 
and peak plasma levels can be measured 30–60 min post-intake with 
an effective half-life of about six hours (3). Nitrate is cleared by the 
kidneys, but about 25% of the nitrate is taken up and secreted by the 
salivary glands and is subsequently reduced to nitrite by commensal 
bacteria in the mouth (4). The nitrite is then swallowed, absorbed 
through the intestinal tract, and further reduced to nitric oxide and 
other nitrite intermediates by enzymatic and nonenzymatic 
mechanisms in the blood and tissues. The use of mouthwashes, 
antacids, and chewing gum can interfere with the microbiome in the 
mouth and the conversion of nitrate to nitrite.

Dietary nitrate has been linked to several health-related benefits 
including blood pressure reduction, improved vascular function, and 
modulation of inflammatory processes and immune cell function (3). 
Nitric oxide acts as a signaling molecule during exercise and has 
physiological effects including vasodilation to increase blood flow 
regulation of muscle contraction and glucose uptake regulation of 
cellular respiration. The primary performance benefit of nitrate 
supplementation appears to be  a reduction in the energy cost of 
exercise and a corresponding modest improvement in endurance 
capacity (5–7). Studies reporting performance benefits used acute 
nitrate doses of 5–6 mmol (or about 300 mg), or chronic doses at about 
half that amount (8). Chronic nitrate supplementation has not been 
consistently linked to improvements in aerobic capacity or 
performance (9). Concerns have been raised about high nitrate intake 
by athletes and the formation of carcinogenic N-nitroso compounds, 
a process that may be inhibited by vitamin C (10–13). An acceptable 
daily intake (ADI) level of 3.7 mg nitrates per kg body weight has been 
recommended by the Joint FAO/WHO Expert Committee on Food 
Additives (JECFA) (14). This recommendation includes all nitrate 
sources including plant foods, drinking water, and cured and 
processed meats, although a different approach is recommended for 
nitrate from plant food sources (15). Co-supplementation of nitrate 
with caffeine, vitamin C, and other food components may enhance 
potential beneficial effects from moderate intake of nitrate and 
minimize risks from N-nitroso compounds (16).

Nitric oxide is considered a potent anti-inflammatory mediator 
and inhibitor of leukocyte recruitment, a key feature of inflammatory 
responses (3). However, most of the evidence comes from rodent-
based studies. Human studies investigating the effects of nitrate or 
nitrate-rich beetroot juice on exercise-induced inflammation and 
muscle damage have produced mixed results (8, 17–19). Part of the 
problem is that only a few basic outcome measures related to 
inflammation (e.g., C-reactive protein, IL-6, IL-8) have been utilized 
in these studies. This study used a multi-omics approach centered on 
targeted oxylipins and untargeted proteomics analysis to investigate 
the influence of 2-weeks dietary nitrate ingestion from a beet-based 
mixed supplement on exercise-induced inflammation. Oxylipins are 
upstream regulators of inflammation, increase strongly after 
prolonged and vigorous exercise, and exert both pro- and anti-
inflammatory effects depending on the fatty acid substrate and 
enzyme system (20–24). Untargeted proteomics studies indicate that 

long endurance cycling and running cause perturbations in numerous 
immune system and inflammatory proteins (25–27). Previous studies 
by our research group indicate that exercise-induced changes in 
inflammatory oxylipins and proteins can be  moderated through 
nutrition-based interventions (21–24, 28, 29). We hypothesized that a 
multi-omics approach would reveal that 2-weeks ingestion of a beet-
based supplement would mitigate exercise-induced inflammation.

Methods

Study participants

Male and female cyclists were invited to take part in this study if 
they met the inclusion criteria including 18 to 60 years of age, capable 
of cycling 2.25 h in a laboratory setting at 70% maximal oxygen 
consumption rate (VO2max), and a willingness to avoid supplements 
and medications such as non-steroidal anti-inflammatory drugs 
(NSAIDs) with a potential to influence inflammation. Participants 
also agreed to limit intake of nitrate-rich vegetables during the study 
to less than 1 cup per day. These vegetables included spinach, lettuce, 
beets, beetroot juice, celery, and cabbage. Participants also agreed to 
avoid the use of mouthwashes, antacids, and chewing gum during the 
entire 6-week study and the 2-week period prior to the study. During 
the 3-day period prior to the 2.25 h cycling session, subjects agreed to 
taper exercise training and ingest a moderate-carbohydrate diet using 
a food list restricting high fat foods and visible fats.

A total of 46 participants were assessed for eligibility and 25 were 
entered into the study, with 20 completing all aspects of the protocol 
(Figure 1). The study participant number provided more than 80% 
power to detect a difference in pro-inflammatory oxylipins with an 
effect size 1.06 at alpha 0.05 using two-sample t-tests (23). Participants 
voluntarily signed the informed consent, and procedures were 
approved by the university’s Institutional Review Board. Trial 
Registration: ClinicalTrials.gov, U.S. National Institutes of Health, 
identifier: NCT05907135.

Study design

This study employed a randomized, placebo controlled, double-
blind, crossover design with two 2-week supplementation periods and 
a 2-week washout period. The study included seven lab visits at the 
Appalachian State University Human Performance Laboratory (HPL) 
at the North Carolina Research Campus, Kannapolis, NC.

During the first two lab visits prior to the 2-week supplementation 
period, study participants were given a complete orientation to the 
study protocol, signed the consent form, provided an overnight fasted 
blood sample, reported demographics and training histories using 
questionnaires, and recorded responses to the delayed onset of muscle 
soreness (DOMS) 1–10 scale questionnaire (30). Height and body 
weight were assessed, with body composition measured using the 
BodPod system (Cosmed, Rome, Italy). Study participants were tested 
for maximal aerobic capacity (VO2max) during a graded, cycling test 
with the Lode cycle ergometer (Lode B.V., Groningen, Netherlands) 
and the Cosmed CPET metabolic cart (Cosmed, Rome, Italy).

The beet-based (BEET) and placebo (PL) supplements 
(randomized order using double-blind procedures) for the first and 
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second 2-week supplementation periods were supplied in coded 
packets. To facilitate compliance to the supplementation protocol, 
study participants were contacted via email on a regular basis and also 
returned the coded packets at the end of the supplementation period. 
Supplements ingested daily (two doses, early morning and mid-day, 
each mixed in 250 mL cold water) for 2-weeks prior to participation 
in the first 2.25 h cycling session. After a 2-week washout period, 
participants repeated all procedures using the counterbalanced 
supplement. The BEET and PL supplements were supplied by the 
sponsor (Standard Process, Palmyra, Wisconsin, USA). Each BEET 
packet (14 grams) included powder from beets and fermented beets 
to provide nitrates (106 mg of nitrates per serving), green tea extract 
with caffeine (100 mg), Camu Camu to provide vitamin C (22 mg), 
quinoa sprouts to provide B-vitamins (20% of the Daily Value for 
thiamin, riboflavin, niacin, and vitamin B6), and a mushroom blend 
of three common mushrooms (1.5 g of caterpillar fungus, lion’s mane, 

chaga). The PL supplement included excipients with none of the active 
ingredients. PL ingredients included a carbohydrate blend 
(monosaccharides, disaccharides, maltodextrin, corn starch), monk 
fruit extract, dietary fibers including cellulose and rice bran, rice silica, 
malic acid, beet flavor, cranberry flavor, and colorants. Participants 
reported no adverse events from ingesting the supplements over the 
2-week periods and were 100% compliant with the supplementation 
regimen. After the study was completed, study participants responded 
to a questionnaire regarding “what supplement do you think you were 
taking during each of the 2-week supplementation periods?” A total 
of 22.5 and 60% correctly identified the use of PL and BEET 
supplements, respectively (Chi-square = 12.95, p  = 0.0015). Study 
participants reported a red color in their urine and stool when using 
the BEET supplement.

After the 2-week supplementation period, study participants 
reported to the Human Performance Lab in an overnight fasted state, 

FIGURE 1

Study participant flow diagram.
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provided a blood sample, ingested one 14-gram packet of the BEET or 
PL supplement with 250 mL water, and then cycled for 2.25 h at high 
intensity (70% VO2max) while ingesting water alone (3 mL/kg every 
15 min). Participants cycled on their own bicycles fitted to Saris H3 
direct drive smart trainers (Madison, WI, USA) with monitoring by 
the Zwift online training platform (Long Beach, CA, USA). Heart rate, 
cycling speed, cadence, distance, power, breathing rate, ventilation, 
and oxygen intake were measured after 15 min and then every 30 min 
during the cycling session. To ensure performance consistency 
between trials and to focus on the effect of the BEET supplement on 
exercise-induced inflammation, performance data from the first trial 
were used to ensure a similar power and metabolic output during the 
second trial. Blood samples were collected at 0 h, 1.5 h, 3 h, and 24 h 
post-exercise. After each blood collection, participants provided a 
DOMS rating. Immediately after the 1.5 h post-exercise blood sample, 
all subjects consumed 7 kilocalories per kilogram of body weight of a 
fortified nutrient beverage (Boost, Nestlé S.A., Vevey, Switzerland). 
Blood samples were aliquoted and stored at-80°C prior to analysis for 
the outcome measures.

Sample analysis

Serum creatine kinase, myoglobin, and coritsol (from serum 
separator tubes), and complete blood counts (CBCs) with a white 
blood cell differential count (EDTA tubes) were analyzed using 
Labcorp services (Burlington, NC). Plasma aliquots were prepared 
from EDTA blood collection tubes and stored in a-80°C freezer until 
analysis for nitrate, nitrite, proteomics, and oxylipins after the study 
was completed.

Plasma nitrate and nitrite
The nitrate/nitrite fluorometric assay kit (item # 780051) from the 

Cayman Chemical Company (Ann Arbor, MI) was used to measure 
plasma concentrations of nitrate (NO3

−) and nitrite (NO2
−). This assay 

was performed in accordance with the instructions provided by the 
manufacturer with the plates read using the SpectraMax iD3 Multi-
Mode Microplate Reader (Molecular Devices, LLC San Jose, CA, 
USA). Data were processed using BioTek Gen5 2.0 software (BioTek, 
Agilent, Santa Clara, CA, USA). Samples were analyzed in duplicate 
(mean coefficient of variation or CV of 9.8%). The sum of both NO3

− 
and nitrite NO2

− was used as an index of total nitric oxide production 
as recommended by Cayman (lower limit of detection 0.70 μM, intra-
assay CV 2.7%). The process includes 2 steps: conversion of nitrate to 
nitrite using a nitrate reductase, followed by addition of an acidic 
solution (DAN) which isolates nitrate and yields the product 
1(H)-naphthotriazole. Sodium hydroxide (NaOH) is then added to 
enhance fluorescence of the product. Sample concentrations were 
plotted along a standard curve, which was made using fresh standards 
provided in the assay kits.

Plasma oxylipins
Plasma arachidonic acid (ARA), eicosapentaenoic acid (EPA), 

docosahexaenoic acid (DHA), and oxylipins were analyzed using a 
liquid chromatography-multiple reaction monitoring mass 
spectrometry (LC-MRM-MS) method as fully described elsewhere 
(31). Resultant data files were processed with Skyline, and the auto-
integrated peaks were inspected manually. Concentrations of each 

oxylipin were determined from calibration curves of each analyte, 
which were constructed by normalizing to the selected deuterated 
internal standards followed by linear regression with 1/x weighting 
(Supplement Data Sheet 1). The coefficient of variation for the quality 
control standards was <15% as reported in the method development 
paper (31). A total of 41 of 67 oxylipins detected increased significantly 
post-exercise, and these were grouped for statistical analysis. Seven 
oxylipins generated from arachidonic acid and cytochrome P-450 
(ARA-CYP) were grouped and these included 5,6-, 8,9-, 11,12-, and 
14,15-dihydroxy-eicosatetraenoic acid (diHETrEs), 16-, 17-hydroxy-
eicosatetraenoic acids (HETEs), and the 20-HETE metabolite 
20-carboxy-arachidonic acid (20-coohAA). Four abundant oxylipins 
generated from linoleic acid (LA) with CYP and lipoxygenease (LOX) 
were also grouped, including 9,10- dihydroxy-9Z-octadecenoic acid 
(DiHOME), 12,13-DiHOME, 9- hydroxy-octadecadienoic acid 
(HODE), and 13-HODE (LA-DiHOMES + HODES).

Plasma proteome and statistical procedures
Untargeted proteomics were conducted using methods previously 

described (22, 32). Briefly, after sample preparation, 200 ng peptides 
from the plasma samples were loaded onto disposable EvoTip trap-
columns (EV-2003, EvoSep, Denmark) and separated on an EvoSep 
One ™ LC system (EV-1000, EvoSep, Denmark) using a 21 min 
gradient with 1 μL/min flow rate. Effluents were analyzed on a high 
resolution Orbitrap Exploris 240 (Thermo) mass spectrometer using 
the data independent acquisition (DIA) method. The plasma protein 
library was generated using the gas-phase fractionation DIA method 
from peptide samples with and without depletion of the top 14 high-
abundance plasma proteins (14,120 precursors, 960 proteins). The 
obtained LC–MS/MS dataset was searched for protein identification 
and quantitation using DIA-NN (33). Data were normalized by 
referencing to the protein levels of the first time point from the same 
individual subject to effectively correct for inter-individual variations 
(34) (Supplementary Data Sheet 2). The normalized values were 
statistically analyzed using the ANOVA test with two trials and six 
timepoints. To consider the protein as significantly changing between 
or within effects, the p-value was set to less than 0.05. Maximum 
likelihood-based hierarchical clustering analysis was used to cluster 
proteins with similar level patterns, and the results were visualized as 
a heatmap with the averaged value of each time-point after 
normalization by z-score. The list of significantly changed proteins in 
the enriched clusters were functionally enriched using STRING 
(Ver.11.5).1 The top enriched biological processes from STRING 
analysis were selected to represent the functions of the proteins.

Additional statistical procedures

The data are expressed as mean ± SE and were analyzed using the 
generalized linear model (GLM), repeated measures ANOVA module 
in SPSS (IBM SPSS Statistics, Version 28.0, IBM Corp, Armonk, NY, 
USA). The statistical model utilized the within-subjects approach: 2 
(trials) x 6 (time points) repeated measures ANOVA and provided 
time (i.e., the collective effect of the cycling exercise bout) and 

1 https://string-db.org/
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interaction effects (i.e., whether the data pattern over time differed 
between trials). If the interaction effect was significant (p ≤ 0.05), then 
post-hoc analyses were conducted using paired t-tests comparing time 
point contrasts between trials. An alpha level of p ≤ 0.01 was used after 
Bonferroni correction for 5 multiple tests. The positive false discovery 
rate (FDR or “q-value”) was calculated for multiple testing correction 
of the plasma oxylipin and plasma proteomics data. Cohen’s d effect 
size was calculated for the oxylipin data as the mean difference 
between the trials at the immediate post-exercise time point divided 
by the pooled standard deviation.

Results

Table 1 summarizes characteristics for the n = 20 study participants 
(n = 14 males, n = 6 females) who completed the study protocol. Age, 
percent body fat, aerobic capacity (VO2max), and training volume 
were similar between the male and female cyclists. The pattern of 
change over time did not differ between the male and female cyclists 
for a key outcome measurement (total plasma oxylipins, supplement 
x time x sex interaction effect, p-value =0.835). Thus, outcome 
measures for this randomized, crossover study are presented for all 
participants combined.

Performance data for each trial are summarized in Table 2. As 
designed, the two trials were similar in all cycling performance 
measures including total distance cycled, and percent of maximal 
heart rates, watts, and oxygen consumption rates.

Data for delayed onset of muscle soreness (DOMS), muscle 
damage biomarkers, the neutrophil/lymphocyte ratio, and serum 

cortisol are summarized in Table 3. Time effects for each of these 
variables were significant but the patterns of increase did not differ 
significantly between the BEET and PL trials (interaction effects, 
p-values >0.05).

BEET compared to placebo intake was associated with a 
significant increase in the sum of plasma nitrate and nitrite (NA + NI) 
(time and interaction effects, both p < 0.001) (Figure 2). The increase 
in NA + NI was significantly different between the BEET and PL trials 
after 2-weeks supplementation and throughout at least 3 h of recovery 
from the cycling bout. Trial differences for NA + NI at 24 h post-
exercise tended to be different (p = 0.089).

Plasma arachidonic acid (ARA), docosahexaenoic acid (DHA), 
and eicosapentaenoic acid (EPA) increased significantly post-exercise 
(time effects, p < 0.001) with no significant interaction effects (all 
p > 0.50) (Supplementary Data Sheet 1). A total of 67 oxylipins were 
detected in study samples. Of these, 41 oxylipins increased significantly 
post-exercise (Supplementary Data Sheet 1). These 41 oxylipins were 
summed for a composite variable and analysis showed significant 
post-exercise increases without trial differences between BEET and PL 
(interaction effect, p = 0.166) (Cohen’s d = 0.219, immediately post-
exercise) (Table 4). Three other composite variables were calculated 
including seven oxylipins generated from arachidonic acid and 
cytochrome P-450 (ARA-CYP), two abundant oxylipins generated 
from linoleic acid and CYP (9,10-DiHOME, 12,13-DiHOME), and 
two abundant oxylipins generated from lipoxygenase (LOX) 
(9-HODE, 13-HODE) (Table 4). Significant time effects were shown 
for each of these composite oxylipin variables but without significant 

TABLE 1 Subject characteristics (n  =  20) for male (n  =  14) and female 
(n  =  6) cyclists.

Sex Mean SE

Age (years) M = male 46.5 2.6

F = female 51.3 4.3

Body mass (kg) M 80.5* 3.5

F 60.2 2.6

Height (cm) M 179* 1.6

F 167 1.6

Body mass index (BMI) 

(kg/m2)

M 25.0* 0.9

F 21.7 1.0

Body fat (%) M 19.5 1.8

F 25.0 3.7

Maximum oxygen 

consumption (VO2max) 

(mL.kg.−1 min−1)

M 41.2 1.6

F
40.9 2.9

Maximum heart rate 

(beats/min)

M 170 4.0

F 160 3.8

Maximum watts M 282* 12.4

F 217 20.1

Cycling training 

distance (km/wk)

M 124 18.2

F 139 31.1

*p ≤ 0.05.

TABLE 2 Average 2.25  h cycling performance outcomes for n  =  20 cyclists 
(mean  ±  SE).

Performance measurement Mean  ±  SE

Cycling power (watts) PL 161 ± 6.9 (61.9 ± 1.4% max)

BEET 164 ± 6.8 (63.0 ± 1.3% max)

Heart rate (beats/min) PL 131 ± 2.6 (78.9 ± 1.7% max)

BEET 132 ± 2.8 (80.2 ± 1.8% max)

Oxygen consumption rate 

(VO2) (ml.kg.-1 min−1)

PL 30.1 ± 1.1 (73.6 ± 2.1% 

max)

BEET 31.7 ± 1.1 (77.5 ± 2.2% 

max)

Respiratory exchange ratio 

(RER)

PL 0.834 ± 0.001

BEET 0.817 ± 0.007

Distance cycled (km) PL 64.9 ± 1.6

BEET 65.7 ± 1.7

Elevation gain (m) PL 314 ± 33.0

BEET 282 ± 24.2

Speed (km/h) PL 27.7 ± 1.1

BEET 29.1 ± 0.6

Cycling cadence (pedal 

revolutions/min)

PL 71.4 ± 2.9

BEET 74.0 ± 1.8

Weight change (kg) PL 1.13 ± 0.11

BEET 1.08 ± 0.13

No significant placebo (PL) vs. BEET trial differences in performance measurements were 
found as designed.
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interaction effects (Table  4) (Cohen’s d  = 0.102, 0.221, 0.283, 
respectively, immediately post-exercise). Two anti-inflammatory 
oxylipins were significantly higher in the BEET versus PL trials 
(Figures  3A,B). These included the EPA-derived oxylipin 
18-hydroxyeicosapentaenoic acid (18-HEPE) (time effect, p < 0.001, 
interaction effect, p = 0.016) and the DHA-derived oxylipin 
4-hydroxydocosahexaenoic acid (4-HDoHE) (time effect p < 0.001, 
interaction effect, p = 0.010).

A total of 616 plasma proteins were identified with no missing 
data for 458 proteins across all time points 
(Supplementary Data Sheet 2). Two-way ANOVA analysis of the 
normalized data showed that 45 proteins were lower and 21 proteins 
were higher in the BEET versus PL trials (all p < 0.05). The heatmap 
and line graphs of the clustered proteins are shown in Figure 4, and 
the identity of the clustered proteins is summarized in Table  5. 
Functional enrichment and protein–protein interaction networks are 
depicted in Figure 5 and supported a linkage of BEET supplementation 
with reduced complement activation and inflammatory responses, 
metabolic process and negative regulation of biological processes, and 
responses to stimulus, and an increased regulation of insulin-like 
growth factors (IGF) and uptake of IGF binding proteins, and 
symbiotic interactions.

Discussion

This study employed a strong research design to investigate the 
effects of 2-weeks intake of a mixed beet-based supplement (212 mg 
nitrates per day) on inflammation induced by a 2.25 h cycling bout 
with 20 cyclists. A multi-omics approach was used, and this included 
a comprehensive targeted oxylipins panel and the measurement of 
several hundred proteins using untargeted proteomics. BEET 
supplementation significantly increased plasma NO3

− + NO2
− 1.6-fold 

after the 2-week supplementation period and 2.6-fold above placebo 
levels immediately after the cycling bout. The 2.25 h cycling bout 
caused significant inflammation with a composite variable of 41 
oxylipins rising 3.4-fold immediately post-exercise above baseline 
plasma levels. Plasma oxylipins were still elevated 1.5-fold at the 
3 h-post-exercise time point before falling to near baseline levels after 

24 h recovery. BEET supplementation did not reduce post-exercise 
plasma concentrations of pro-inflammatory oxylipins but did have a 
modest effect in elevating two anti-inflammatory EPA- and 
DHA-derived oxylipins (18-HEPE and 4-HDoHE). Two-way ANOVA 
revealed 66 proteins that were increased or decreased with BEET 
supplementation, and functional enrichment supported significant 
BEET-related reductions in inflammation-related proteins including 
proteins related to complement activation, the acute phase response, 
and immune cell adhesion, migration, and differentiation.

This is the first exercise-based human clinical trial to investigate 
the influence of BEET supplementation on inflammation using a 
human systems biology approach. Other similar studies used a few 
targeted outcomes, had widely disparate research designs, and 
generally reported null or minor effects of increased plasma 
NO3

− + NO2
− from nitrate supplementation on post-exercise 

inflammation biomarkers including cytokines (8, 17–19). In one study 
with 34 runners, beetroot juice versus placebo supplementation for 
3 days following a marathon race had no effect on muscle soreness, 
creatine kinase, interleukin (IL)-6, IL-8, tumor necrosis factor-α 
(TNFα), blood leukocyte cell counts, or C-reactive protein (CRP) (19). 
The major limitation was that beetroot juice supplementation was 
restricted to the 3-day period after running the marathon race when 
most of the inflammation biomarkers were similar to 
pre-marathon levels.

Nearly all inflammation regulatory oxylipins generated in 
response to exercise stress come from PUFA substrates that are 
released from cell membranes and subsequently oxidized from CYP, 
LOX, and COX enzyme systems (20). Oxylipin production during 
recovery from prolonged and intensive cycling is sensitive to 
nutritional interventions including carbohydrate and blueberry 
supplementation (20–24). Underlying mechanisms are still being 
explored but may include the influence of glucose and polyphenol 
metabolites on CYP, LOX, and COX enzyme activity and the 
subsequent generation of specific oxylipin subgroups (21–24). Nitric 
oxide in cell culture and rodent-based studies inhibits P450 and LOX 
enzymes through multiple pathways, and can inhibit or stimulate 
COX enzymes depending on the physiological context (35, 36). Nitric 
oxide and oxylipins are viewed as interdependent signaling systems 
that help regulate inflammation, immune, and metabolic responses 

TABLE 3 Trial comparisons for n  =  20 participants across all time points for muscle soreness* and damage markers (serum creatine kinase and 
myoglobin), the neutrophil/lymphocyte blood count ratio, and serum cortisol.

Variable Trial Pre- Study 2-Wks 
Suppl.

0  h Post-
Ex

1.5  h Post-
Ex

3  h Post-
Ex

24  h Post-
Ex

p- value

DOMS (1–10 

scale)

PL 1.7 ± 0.3 1.7 ± 0.2 4.1 ± 0.4 3.6 ± 0.4 2.7 ± 0.3 1.9 ± 0.2 <0.001; 0.069

BEET 2.1 ± 0.4 1.6 ± 0.2 4.2 ± 0.4 3.3 ± 0.4 2.5 ± 0.3 2.1 ± 0.2

Creatine kinase 

(U/L)

PL 143 ± 14.4 141 ± 17.1 177 ± 24.3 166 ± 21.4 172 ± 22.9 158 ± 22.3 0.008; 0.974

BEET 174 ± 21.4 174 ± 23.7 279 ± 83.1 266 ± 81.9 266 ± 77.8 229 ± 50.5

Myoglobin (ng/

ml)

PL 35.5 ± 2.9 32.4 ± 1.9 47.4 ± 3.9 58.1 ± 10.0 52.0 ± 9.2 36.7 ± 3.1 0.002; 0.595

BEET 40.1 ± 3.5 34.1 ± 2.1 57.0 ± 6.6 67.0 ± 6.8 63.7 ± 9.3 38.0 ± 3.6

Neutrophil/

lymphocyte

PL 1.6 ± 0.1 1.5 ± 0.1 4.0 ± 0.4 5.2 ± 0.5 4.9 ± 0.5 1.7 ± 0.2 <0.001; 0.163

BEET 1.6 ± 0.2 1.6 ± 0.2 4.2 ± 0.5 6.1 ± 0.7 5.5 ± 0.6 1.8 ± 0.2

Cortisol (μg/dl) PL 14.0 ± 0.8 15.4 ± 0.8 16.9 ± 1.2 11.8 ± 1.0 9.7 ± 0.6 14.3 ± 0.9 <0.001; 0.682

BEET 13.8 ± 0.8 14.8 ± 0.8 18.3 ± 1.4 13.3 ± 1.1 11.0 ± 0.8 14.7 ± 0.7

P-values represent time (first value) and trial x time interaction effects. *Ex, exercise; Suppl, supplement; PL, placebo; DOMS, delayed onset of muscle soreness.
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(37). Human clinical trials focused on nitrate supplementation and 
inflammation regulation from nitric oxide and oxylipins, however, 
are lacking.

In our study, BEET supplementation had a modest effect in 
increasing post-exercise EPA-COX derived HEPE-18 and DHA-LOX 
derived 4-HDoHE but had no significant effects on the generation of 
pro-inflammatory linoleic acid (LA)-CYP, LA-LOX, or arachidonic 
(ARA)-CYP oxylipins. These results suggest that pro-inflammatory 
oxylipin generation after 2.25 h intensive cycling is relatively 
unaffected by increases in plasma NO3

− + NO2
− with 2-weeks BEET 

intake. Whether or not higher and/or longer duration BEET or nitrate 
dosing may alter these results remains to be  determined. In two 
previous studies, we showed that 14–18 days supplementation with 1 
cup equivalent of blueberries had significant effects on post-exercise 
plasma oxylipin concentrations (21, 23). In one of these studies, 
blueberry ingestion was linked to a sustained elevation in DHA- and 

EPA-derived anti-inflammatory oxylipins including 18-HEPE in 
response to a 90-min bout of unaccustomed exercise by untrained 
adults (21). 18-HEPE is a precursor for resolvins that are specialized 
pro-resolving lipid mediators (SPM) with well-defined roles in 
inflammation resolution (38). 4-HDoHE is a beneficial 5-LOX 
oxidation product from DHA. Limited data indicate that this oxylipin 
in cell culture exerts anti-oxidative and anti-inflammatory effects on 
brain and blood vessel tissues through nuclear factor erythroid 2–
related factor 2 (Nrf2) activation (39, 40).

Previous studies using untargeted proteomics methods 
indicate that acute prolonged and intensive exercise bouts have a 
widespread effect on plasma concentrations of proteins involved 
in immune system and inflammation responses (22, 25–27, 41, 
42). The use of untargeted proteomics in studies with a sports 
nutrition focus is an emerging research design approach (22, 43). 
In a recent untargeted proteomics-based study, our research group 

FIGURE 2

Change in the sum of plasma nitrate and nitrite after 2-weeks BEET and placebo supplementation and during 24  h recovery from 2.25  h cycling in 
n  =  20 cyclists. Time and interaction effects, both p  <  0.001.

TABLE 4 Trial comparisons across all time points for total plasma oxylipins and oxylipin subgroups.

Variable (ng/
mL)

Trial Pre- 
Suppl.

2-Wks 
Suppl.

0  h Post-Ex 1.5  h Post-
Ex

3  h Post-
Ex

24  h Post-
Ex

p- value

Oxylipins, total 

(n = 41 oxylipins)

PL 21.3 ± 1.7 24.1 ± 2.9 67.3 ± 6.2 35.0 ± 3.3 32.5 ± 8.3 19.3 ± 1.2 <0.001; 0.166

BEET 21.2 ± 1.7 20.5 ± 1.4 76.4 ± 11.6 37.7 ± 4.4 31.9 ± 8.7 20.3 ± 1.3

DiHOMES 

(9,10 + 12,13)

PL 3.2 ± 0.5 3.8 ± 0.7 10.4 ± 1.0 3.9 ± 0.6 5.9 ± 2.7 2.5 ± 0.2 <0.001; 0.255

BEET 3.1 ± 0.5 2.6 ± 0.3 11.6 ± 1.4 3.6 ± 0.6 6.6 ± 3.4 2.7 ± 0.3

HODES (9 + 13) PL 5.7 ± 0.9 7.6 ± 1.5 25.7 ± 2.6 8.9 ± 1.2 9.3 ± 4.9 4.7 ± 0.4 0.002; 0.094

BEET 6.0 ± 1.0 5.2 ± 0.4 31.8 ± 6.3 9.1 ± 1.9 7.9 ± 4.4 5.0 ± 0.5

ARA-CYP* (n = 7 

oxylipins)

PL 4.5 ± 0.3 4.6 ± 0.3 8.4 ± 0.8 10.6 ± 1.0 8.8 ± 0.9 4.9 ± 0.3 <0.001; 0.163

BEET 4.5 ± 0.4 4.7 ± 0.4 9.3 ± 1.0 13.6 ± 1.9 10.3 ± 1.4 4.9 ± 0.4

p-values represent time (first value) and trial x time interaction effects. *ARA-CYP = 7 oxylipins generated from arachidonic acid and cytochrome P-450 (ARA-CYP) were grouped and these 
included 5,6-, 8,9-, 11,12-, and 14,15-dihydroxy-eicosatetraenoic acid (diHETrEs), 16-, 17-hydroxy-eicosatetraenoic acids (HETEs), and the 20-HETE metabolite 20-carboxy-arachidonic acid 
(20-coohAA).
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showed that 4-weeks supplementation with the keto-carotenoid 
astaxanthin (8 mg/day) countered post-exercise decreases in 
humoral immunity and plasma immunoglobulins in athletes 
engaging in a vigorous 2.25 h running bout (22). In the current 
study, untargeted proteomics revealed an extensive effect of BEET 
versus placebo supplementation on 66 proteins, with lower plasma 
levels for a cluster of 45 proteins and higher levels for a cluster of 
21 proteins. Functional enrichment supported a significant 
reduction in exercise-induced complement activation and 
inflammatory and stimulus responses. Key inflammation-related 
proteins that were lower with BEET supplementation included 
complements C3, C5, and C9, properdin (a positive regulator of 

the alternate pathway of complement), ficolin-3 (innate immune 
activator through the lectin complement pathway), serum 
amyloids A1 and P (acute phase proteins), alpha-1-microglobulin 
(an inflammation biomarker with acute phase proteins), clusterin 
(diverse inflammation roles), fibulin-1 and fermitin family 
homolog 3 (both involved with cell adhesion, migration, and 
differentiation), hypoxia up-regulated protein 1 (heat shock 
protein), coronin-1C (plays an important role in immune cell 
motility and vesicle trafficking), peroxiredoxin-1 (anti-oxidant 
that can promote inflammation), peroxisome proliferator-
activated receptor-delta (regulates cellular metabolic functions 
and can promote inflammation), reelin (pro-inflammatory and 

FIGURE 3

Change in (A) plasma HEPE-18 and (B) 4-HDoHE in BEET and placebo trials during 24  h recovery from 2.25  h cycling in n  =  20 cyclists. Interaction 
effect, p  =  0.016 and 0.010, respectively.
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pro-thrombotic factor), and dipeptidyl peptidase 4 membrane 
form (regulator of T-cell proliferation and natural killer cell kappa 
B activation). The liver is the source of most complement and 
acute phase proteins, and complement activation after prolonged 
and intensive exercise is an acute phase response to physiological 
stress (44). Nitric oxide is a pleiotropic and pervasive signaling 
molecule and influences inflammation in multiple ways including 
the suppression of immune cell growth, cytokine production, and 
platelet activation, and regulation of NF-κB activation (45).

Table  5 lists 14 immunoglobulin proteins that were lower with 
BEET versus placebo supplementation. Functional enrichment through 
STRING does not include immunoglobulins. Although human data are 
limited, emerging results from animal-based studies indicate an inverse 
relationship between nitric oxide and immunoglobulin production 
(46–48). Elevated nitric oxide may have multiple negative influences on 
B cell function. Nitric oxide generated from inflammatory monocytes, 
for example, can decrease B cell survival and hence antibody production 
(47). Vaccine adjuvants are being developed to counter the negative 
effect of nitric oxide on antibody responses (48). Our finding that BEET 
intake was associated with lower immunoglobulin proteins in cyclists 

during recovery from vigorous exercise was unexpected and needs to 
be confirmed in future studies and then evaluated for clinical significance.

BEET supplementation was linked to an increase in proteins 
involved with regulation of insulin like growth factors (IGFs) and 
symbiotic interactions. The IGF-axis mediates many of the 
physiological effects of growth hormone and is involved in the 
regulation of cell growth, proliferation, and survival (49). IGF binding 
protein 2 (IGFBP2) modifies IGF-1 functions and this protein was 
elevated with BEET supplementation. Nitric oxide mediates some of 
the effects of IGF-1 on vasodilation, increased blood flow, and lowered 
blood pressure (50). Other proteins with symbiotic interactions were 
elevated with BEET supplementation including neural cell adhesion 
molecule 1 (NCAM1 or CD56), heat shock cognate 71 kDa protein 
(HSPA8), and annexin A5. These proteins contribute to many 
biological processes including cell growth and differentiation, signaling, 
protein homeostasis, and apoptosis (51–53). Alpha-2-HS-glycoprotein 
or fetuin-A is a multifunctional protein, has a complex involvement 
with inflammation depending on the physiological context, and can 
function as an anti-inflammatory acute phase protein (54). Intercellular 
adhesion molecule 1 (ICAM-1) is an adhesion receptor and was also 

FIGURE 4

Heatmap and line graphs of clustered proteins in the BEET and placebo trials. T1, pre-study; T2, 2-weeks supplementation, pre-exercise; T3, 
immediately post-exercise (2.25  h cycling bout); T4, 1.5  h post-exercise; T5, 3  h post-exercise; T6, 24  h post-exercise.

110

https://doi.org/10.3389/fnut.2024.1408804
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Nieman et al. 10.3389/fnut.2024.1408804

Frontiers in Nutrition 10 frontiersin.org

elevated with BEET supplementation. ICAM-1 regulates inflammatory 
responses by controlling leukocyte recruitment from the blood 
compartment to sites of inflammation and also is involved in epithelial 
injury-resolution responses (55).

TABLE 5 (Continued)

Protein ID Gene Protein description

P01742 IGHV1-69 Immunoglobulin heavy variable 1–69

P01714 IGLV3-19 Immunoglobulin lambda variable 3–19

O75636 FCN3 Ficolin-3

P0CG04; P0DOY2; 

P0DOY3; A0M8Q6; 

P0CF74; B9A064; 

P0DOX8

IGLL5 Immunoglobulin lambda-like polypeptide 5

P01599; 

A0A0C4DH72

IGKV1-6 Immunoglobulin kappa variable 1–6

P01814; 

A0A0C4DH43

IGHV2-70D Immunoglobulin heavy variable 2-70D

A0A0B4J1X8 IGHV3-43 Immunoglobulin heavy variable 3–43

P01615; 

A0A075B6P5

IGKV2-28; 

IGKV2D-28

Immunoglobulin kappa variable 2–28

A0A0B4J1V2 IGHV2-26 Immunoglobulin heavy variable 2–26

Higher in BEET trial

Q8NBJ4 GOLM1 Golgi membrane protein 1

Q7Z7M0 MEGF8 Multiple epidermal growth factor-like 

domains protein 8

Q7Z7G0 ABI3BP Target of Nesh-SH3

Q15084 PDIA6 Protein disulfide-isomerase A6

Q13103 SPP2 Secreted phosphoprotein 24

Q05682 CALD1 Caldesmon

P54289 CACNA2D1 Voltage-dependent calcium channel subunit 

alpha-2/delta-1

P23528; Q9Y281 CFL1 Cofilin-1

P18065 IGFBP2 Insulin-like growth factor-binding protein 2

P16930 FAH Fumarylacetoacetase

P13645 KRT10 Keratin, type I cytoskeletal 10

P13591 NCAM1 Neural cell adhesion molecule 1

P0DMV8; P0DMV9; 

P11142; P17066; 

P34931; P54652; 

P48741

HSPA8 Heat shock cognate 71 kDa protein

P08758 ANXA5 Annexin A5

P05362 ICAM1 Intercellular adhesion molecule 1

P04070 PROC Vitamin K-dependent protein C

P02765 AHSG Alpha-2-HS-glycoprotein

P02753 RBP4 Retinol-binding protein 4

P02656 APOC3 Apolipoprotein C-III

P01614; 

A0A087WW87

IGKV2-40; 

IGKV2D-40

Immunoglobulin kappa variable 2–40

O15031 PLXNB2 Plexin-B2

TABLE 5 List of 45 proteins that were lower and 21 proteins that were 
higher with BEET compared to placebo supplementation.

Protein ID Gene Protein description

Lower in BEET trial

Q9BXT5; Q9Y4L1 HYOU1 Hypoxia up-regulated protein 1

Q9ULV4 CORO1C Coronin-1C

Q96KN2 CNDP1 Beta-Ala-His dipeptidase

Q86UX7 FERMT3 Fermitin family homolog 3

Q6UXB8 PI16 Peptidase inhibitor 16

Q06830 PRDX1 Peroxiredoxin-1

Q03181 PPARD Peroxisome proliferator-activated receptor 

delta

P80748 IGLV3-21 Immunoglobulin lambda variable 3–21

P78509 RELN Reelin

P52566 ARHGDIB Rho GDP-dissociation inhibitor 2

P40197 GP5 Platelet glycoprotein V

P35916 FLT4 Vascular endothelial growth factor receptor 

3

P30086 PEBP1 Phosphatidylethanolamine-binding protein 

1

P27918 CFP Properdin

P27487 DPP4 Dipeptidyl peptidase 4

P23142 FBLN1 Fibulin-1

P19021 PAM Peptidyl-glycine alpha-amidating 

monooxygenase

P15531; P22392; 

O60361

NME1;NME2 Nucleoside diphosphate kinase A

P13727 PRG2 Bone marrow proteoglycan

P13647 KRT5 Keratin, type II cytoskeletal 5

P11597 CETP Cholesteryl ester transfer protein

P10909 CLU Clusterin

P10586 PTPRF Receptor-type tyrosine-protein phosphatase 

F

P0DJI8; P0DJI9 SAA1 Serum amyloid A-1 protein

P08581 MET Hepatocyte growth factor receptor

P06312 IGKV4-1 Immunoglobulin kappa variable 4–1

P05062 ALDOB Fructose-bisphosphate aldolase B

P04406 GAPDH Glyceraldehyde-3-phosphate dehydrogenase

P04075 ALDOA Fructose-bisphosphate aldolase A

P02760 AMBP Alpha-1-microglobulin

P02748 C9 Complement component C9

P02743 APCS Serum amyloid P-component

P01857; P01859; 

P0DOX5

IGHG2 Immunoglobulin heavy constant gamma 2

P01857; P01860; 

P01861; P0DOX5

IGHG1 Immunoglobulin heavy constant gamma 1

P01834; P0DOX7 IGKC Immunoglobulin kappa constant

P01766 IGHV3-13 Immunoglobulin heavy variable 3–13

(Continued)
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The strength of this study was the combination of a strong research 
design and multi-omics outcomes to determine if exercise-induced 
inflammation could be moderated with BEET supplementation. There 
are several research design features and limitations that should 
be considered when interpreting study results. This study included 
non-elite male and female cyclists who were generally middle-aged and 
cycled for 2 h 15 min at about 75% VO2max. Thus, the results of this study 
may not apply to younger elite endurance athletes who exercise at 
higher intensities. The research design included a 2-week 
supplementation period of BEET or placebo (two doses per day) with 
intake continued the day of the exercise challenge. Thus, the changes in 
protein biomarkers reported in this study could be related to both acute 
and chronic BEET intake. This research design element is consistent 
with the practice of many athletes who consume supplements both 
during training and on the day of competition. Plant-based 
supplements undergo a complex metabolic process involving the oral 
and gut microbiomes, metabolite formation from substrates, and 
subsequent biochemical effects on various enzyme systems including 
those related to inflammation. Our blood samples were collected in an 
overnight fasted state (pre- and post-supplementation). On the exercise 
challenge day, the blood collection was followed by the normal BEET 
dose and then the cycling bout. Thus, subjects had not consumed the 
BEET or placebo supplement since the prior day (midday) and most 
likely explains the low pre-exercise plasma NO3

− + NO2
− levels. The 

primary purpose of this study was to investigate the effects of BEET 
supplementation on exercise-induced inflammation. For this reason, 

participants exercised in an overnight fasted state to avoid the 
interactive effects of carbohydrate intake on inflammation. The BEET 
supplement included a moderate amount of nitrate from beets and 
fermented beets with caffeine, vitamin C, and other food components 
that may minimize risks from N-nitroso compounds. Beetroot powder 
also contains other phytochemicals that may have bioactive effects. 
We  cannot rule out the potential synergistic effects of these other 
ingredients with beetroot on inflammation.

Conclusion

This randomized crossover study used a 2.25 h cycling bout to 
induce inflammation. Using double blind, placebo-controlled 
methods, 2-weeks intake of a BEET-based supplement with a 
moderate amount of nitrate (212 mg/d) increased plasma levels of 
NO3

− + NO2
−. BEET supplementation did not counter exercise-

induced increases in pro-inflammatory oxylipins but did increase 
post-exercise levels of two anti-inflammatory EPA- and DHA-derived 
oxylipins. The strongest effect of BEET supplementation was related 
to a significant decrease in a cluster of proteins involved in 
complement activation and inflammation. These data support that 
2-weeks intake of a mixed beet-based supplement with morning and 
midday doses moderates protein biomarkers of exercise-induced 
inflammation in athletes. Carbohydrate and blueberry ingestion also 
mitigate post-exercise inflammation, an effect that requires more 

FIGURE 5

Protein–protein interaction networks and functional enrichments of (A) cluster 1 (45 proteins) that were lower and (B) cluster 2 (21 proteins) that were 
higher in the BEET compared to placebo trials.
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investigation for biological and clinical significance, but is generally 
interpreted as beneficial to the athlete over the long term (21, 23, 24, 
29). This study did not focus on testing different formulations or 
dosing approaches. Future research can establish whether higher 
beet-nitrate intake with various types of adjuvants over a longer time 
period can amplify the anti-inflammatory effects, especially on 
pro-inflammatory oxylipins.
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Background: Physical exertion during exercise often leads to increased oxidative 
stress and inflammatory responses, significantly affecting physical performance. 
Current strategies to mitigate these effects are limited by their effectiveness 
and potential side effects. Molecular hydrogen (H₂) has gained attention for its 
antioxidant and anti-inflammatory properties. Studies have suggested that H2 
supplementation contributes to antioxidant potential and anti-fatigue during 
exercise, but the variance in the observations and study protocols is presented 
across those studies.

Objective: This systematic review and meta-analysis aimed to comprehensively 
characterize the effects of H₂ supplementation on physical performance (i.e., 
endurance, muscular strength, and explosive power), providing knowledge that 
can inform strategies using H2 for enhancing physical performance.

Methods: We conducted a literature search of six databases (PubMed, Web of 
Science, Medline, Sport-Discus, Embase, and PsycINFO) according to the PRISMA 
guidelines. The data were extracted from the included studies and converted into 
the standardized mean difference (SMD). After that, we performed random-effects 
meta-analyses and used the I2 statistic to evaluate heterogeneity. The Grading of 
Recommendations Assessment, Development, and Evaluation (GRADE) was used 
to assess the quality of the evidence obtained from this meta-analysis.

Results: In total, 27 publications consisting of 597 participants were included. 
The search finally included aerobic endurance, anaerobic endurance, muscular 
strength, lower limb explosive power, rating of perceived exertion (RPE), blood 
lactate (BLA), and average heart rate (HRavg) in the effect size (ES) synthesis. 
The ES of H2 on aerobic endurance, including V̇O2max (SMD  =  0.09, p  =  0.394; 
I2 =  0%) and aerobic endurance exercise (SMD  =  0.04, p  =  0.687; I2 =  0%), were 
not significant and trivial; the ES of H2 on 30  s maximal anaerobic endurance 
(SMD  =  0.19, p  =  0.239; I2 =  0%) was not significant and trivial; the ES of H2 on 
muscular strength (SMD  =  0.19, p  =  0.265; I2 =  0%) was not significant and trivial; 
but the ES of H2 on lower limb explosive power (SMD  =  0.30, p  =  0.018; I2 =  0%) 
was significant and small. In addition, H2 reduces RPE (SMD  =  −0.37, p  =  0.009; 
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I2 =  58.0%) and BLA (SMD  =  −0.37, p  =  0.001; I2 =  22.0%) during exercise, but not 
HRavg (SMD  =  −0.27, p  =  0.094; I2 =  0%).

Conclusion: These findings suggest that H2 supplementation is favorable 
in healthy adults to improve lower limb explosive power, alleviate fatigue, 
and boost BLA clearance, but may not be  effectively improving aerobic and 
anaerobic endurance and muscular strength. Future studies with more rigorous 
designs are thus needed to examine and confirm the effects of H2 on these 
important functionalities in humans.

Systematic review registration: http://www.crd.york.ac.uk/PROSPERO.
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molecular hydrogen, physical performance, aerobic endurance, maximum oxygen 
uptake, maximal anaerobic test, muscle strength, countermovement jump

1 Introduction

Physical performance, including endurance, muscle strength, and 
explosive power, is the cornerstone of achievement in sports for 
non-athletic populations or athletes (1, 2). It not only contributes to 
improving athletes’ competitive performance on the field but also 
provides motivation for healthy adults to participate in sports (3–5). 
Oxidative stress occurs when the oxygen metabolism is produced and 
accumulated, eventually going beyond oxidation-resist ability (6, 7). 
Studies have shown that physical activity of various intensities alters 
the levels of various oxidative biomarkers (8, 9). However, physical 
exercise, especially with moderate- to high-intensity exertion, could 
lead to excessive oxidative stress, which may negatively impact redox 
homeostasis, worsen fatigue, and ultimately reduce physical 
performance (10–13). Therefore, efforts have been put into exploring 
potential antioxidant approaches, which can thus help develop 
appropriate strategies to enhance physical performance (13–15).

Molecular hydrogen (H2) is a promising antioxidant that 
selectively reduces hydroxyl radicals (·OH) and peroxynitrite 
(ONOO-) in cells without leading to a reduction of other reactive 
substances such as superoxide (O2-), hydrogen peroxide (H2O2), and 
nitric oxide (NO) (16–18). Studies have shown that H2 molecular, 
which can be delivered via different forms (i.e., H2 gas and water, and 
intravenous H2-saline), can penetrate cell membranes and diffuse 
rapidly into organelles (e.g., mitochondria) (19), thus enhancing 
mitochondria functional performance (e.g., respiration and enzyme 
activity) and promoting ATP production or lactate oxidation (20, 
21). More recently, human studies have emerged to explore the 
potential benefits of using H2 for physical performance in healthy 
adults and showed great promise of the H2-based intervention to 
improve physical performance (22–25). However, the observations 
and protocol design across these studies on the effects of H2 on 
physical performance were inconsistent. For example, some studies 
have observed that H2-rich water (HRW) supplementation before 
exercise could effectively increase maximal oxygen uptake (V̇O2max), 
anaerobic endurance, muscle strength, and lower limb explosive 
power in healthy adults (26–28), but other studies have shown 
contradictory findings (29–31). These inconsistencies may arise from 
the variance in participant characteristics, the protocol of H2 
administration, and types of exercise across studies. Only one 
previous review by Kawamura et  al. (32) summarized the 

observations from only six studies and suggested that the validity of 
the observations from that literature should be  examined and 
confirmed due to the very small number of included studies. Since 
then, many new studies have been performed to examine the effects 
of H2 on endurance, muscle strength, and explosive power (24–26, 
33, 34). Therefore, it is urgently demanded to more comprehensively 
characterize and explicitly examine the effects of H2 on physical 
performance in healthy adults by summarizing the results of the 
most up-to-date publications.

We have thus conducted a systematic review and meta-analysis 
based on the available peer-reviewed publications. Only studies with 
randomized controlled or crossover designs are included, and several 
subgroup analyses are performed with the goal of providing critical 
knowledge of the appropriate design of H2-based intervention design 
for the improvement of physical performance.

2 Methods

This systematic review and meta-analysis were performed 
according to the Preferred Reporting Items for Systematic Reviews 
and Meta-Analysis guideline (35) and registered with PROSPERO 
(ID CRD42022351559).

2.1 Data sources and search strategies

Two authors (K.Z. and Z.S.) independently searched PubMed, 
Web of Science, Medline, Sport-Discus, Embase, and PsycINFO 
databases from inception to 10 May 2024. The keywords of the search 
were as follows: “molecular hydrogen,” “hydrogen rich water,” 
“hydrogen-rich water,” “hydrogen rich saline,” “hydrogen-rich saline,” 
“hydrogen gas,” “hydrogen inhalation,” “hydrogen bathing,” 
“hydrogen-rich calcium powder,” “physical performance,” “athletic 
performance,” “exercise performance,” “physical exercise,” “aerobic 
performance,” “aerobic capacity,” “anaerobic performance,” 
“intermittent exercise,” “sprint,” “strength training,” and “resistance 
training” (The detailed search strategy is shown in 
Supplementary Table S1). In addition, a manual search was performed 
based on the reference lists of selected articles. The search was limited 
to English only, and no date restrictions were applied.

116

https://doi.org/10.3389/fnut.2024.1387657
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
http://www.crd.york.ac.uk/PROSPERO


Zhou et al. 10.3389/fnut.2024.1387657

Frontiers in Nutrition 03 frontiersin.org

2.2 Selection criteria

To be included in this systematic review, previous studies must 
meet the following eligibility criteria in accordance with PICOS.

 1. Participants: the participants were healthy adults with a mean 
age of ≥18 years and were free from any dietary supplements 
or medications while the experiment lasted;

 2. Intervention: the intervention was the supplementation of H2 
by the participants. The source of H2 was not limited;

 3. Comparator/Control: the control group used placebos that 
were identical in appearance, texture, and flavor to H2 products 
(e.g., drinking water, air, and capsules);

 4. Outcomes: the outcomes include at least one of the measures 
related to physical performance (e.g., aerobic and anaerobic 
endurance, muscular strength, lower limb explosive power, 
subjective fatigue, blood lactate (BLA), and heart rate);

 5. Study design: the design of the study was a randomized 
crossover or randomized controlled trial.

Articles were excluded if they fulfilled the following criteria: 1) 
animal trials; 2) written in a language other than English or unable to 
obtain outcome data; 3) review papers and conference articles; and 4) 
repeated publications.

2.3 Data extraction and outcomes

According to the Cochrane Collaboration Handbook, the data 
extraction process was conducted independently by two authors 
(C.Y. and Z.S.) (36). The extracted information from the publications 
included the following: the study (authors and year), sample size, 
participants (age, height, weight, sex, and training status), methods of 
H2 administration, exercise protocol, and outcome measures. Any 
outcome measures on which the two authors disagreed were discussed 
with the other two authors (J.Z. and D.B.) until a consensus 
was achieved.

The mean and standard deviation of each outcome in post-tests 
were extracted for each included study. If the post-test values were not 
available, they were calculated using the following formulas, where the 
correlation coefficient (Corr) was set at 0.5 (36, 37).

 Meanpost Meanpre Meanchange= +

 

( )

SDpost
4 Corr2 SDpre2

2 Corr SDpre 4 SDpre2 SDchange2
2

=
× × −

× × +
× −

If relevant data were missing, we  emailed the corresponding 
author or other authors to request it (36). We extracted relevant data 
using WebPlotDigitizer (version 4.6) for studies when the data could 
not be obtained by contacting the authors (38).

Based on the included studies, aerobic endurance, anaerobic 
endurance, muscular strength, and lower limb explosive power 
performance were ultimately incorporated into the data synthesis.

The primary outcome of aerobic endurance performance was 
maximum oxygen uptake (V̇O2max) during an incremental load 
exercise test or peak oxygen uptake (V̇O2peak) when V̇O2max was not 
available (39, 40). The secondary outcome of aerobic endurance 
performance was aerobic endurance exercise performance, for 
example, time-to-exhaustion (TTE) or power during incremental load 
exercise test or fixed-load submaximal test; the time or speed in time 
trial test (TT).

The primary outcome of anaerobic endurance performance was 
power output during the 30 s maximal anaerobic test.

The primary outcome of muscle strength was peak torque or 
force in the maximal voluntary isometric strength test (MVIS) or 
maximal isokinetic strength test performed pre- or post-high-
intensity exercise.

The primary outcome of lower limb explosive power was 
countermovement jump (CMJ) height, time of short sprint, or peak 
power output during 10 s maximal effort exercises.

The exploratory outcomes were the rating of perceived exertion 
(RPE), BLA, and average heart rate (HRavg) during physical 
performance. The RPE, BLA, and HRavg are widely used and are 
important metrics to characterize subjective fatigue, intensity, and 
physiologic stress that are closely associated with physical performance 
(41–43). By exploring the effects of H2 on them, it will help more 
comprehensively characterize the effects of H2 supplementation on 
physical performance.

2.4 Quality assessment

Two authors independently evaluated the risk of bias in included 
studies using the Cochrane Collaboration’s tool (44), which contains 
six items: 1) selection bias; 2) performance bias; 3) detection bias; 4) 
attrition bias; 5) reporting bias; and 6) other bias. Each item is 
categorized into three levels: low-risk bias (green), unclear risk bias 
(yellow), and high-risk bias (red). Studies were defined as having a 
high-risk bias if ≥1 item had a high-risk bias. The risk of bias is low if 
all items are assessed as low risk of bias. Others were assessed as 
moderate risk of bias. Additionally, the quality of evidence for 
outcomes was evaluated using the Grading of Recommendations 
Assessment, Development, and Evaluation (GRADE) (45, 46). The 
quality of the GRADE evidence was graded as high, moderate, low, 
and very low based on the quality of study design, quality of 
implementation, uncertainty of results, and consistency of results (45).

2.5 Statistical analysis

Standardized mean difference (SMD) with 95% confidence 
interval (CI) was used to assess the effect size (ES). ES was classified 
as trivial (< 0.2), small (0.2 ~ 0.49), moderate (0.5 ~ 0.79), or large  
(> 0.8) (47). Meta-analysis was performed in Stata v15.1 (STATA 
Corp., College Station, TX) using the inverse-variance method. The I2 
statistic was used to evaluate heterogeneity among the trials with the 
following criteria: trivial (< 25%), low (25 ~ 50%), moderate 
(50 ~ 75%), and high (> 75%) (48). A random-effects model was used 
to estimate pooled effects, as heterogeneity was anticipated across 
studies due to differences in participants and interventions. Subgroup 
analysis was used to explore potential sources of heterogeneity (49). 
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The Funnel plots and Egger tests were used to evaluate publication 
bias. If potential publication bias was detected, we used the trim and 
fill method for the sensitivity analysis of the results (50). All the 
statistical significance was set at a p-value of <0.05.

3 Results

3.1 Study selection

The screening procedure of the included studies is shown in 
Figure 1. A total of 401 potentially relevant publications were retrieved 
(PubMed n = 77, SPORT-Discus n = 65, Medline n = 71, Web of Science 
n = 89, PsycINFO n = 5, and Embase = 94). Based on the criteria above, 
248 publications were discharged after reviewing the titles and 
abstracts. After evaluating the full texts, 27 publications (29 studies) 
were included in the systematic review. Finally, 25 publications 
consisting of 27 studies (23 randomized crossover designs and 4 
randomized controlled trials) were included in the quantitative 
synthesis (Table  1). One study (28) included two randomized 

controlled trials, and the other study (23) included a randomized 
crossover trial and a randomized controlled trial.

3.2 Characteristics of included studies

3.2.1 Participant characteristics
A total of 597 participants, with mean ages ranging from 17.5 to 

51.5 years, were included. The training status of these participants was 
classified according to the included studies as untrained (n = 224) and 
trained (n = 373), with 215 of them being well-trained athletes (e.g., 
professional soccer players and elite runners).

3.2.2 Methods of H2 administration
A gold standard regimen for H2 application does not appear to 

exist. The included studies implemented four sources of H2, that is, 
drinking HRW (n = 18) (22–26, 28–30, 33, 34, 51–53, 55, 56, 58, 63, 
65), HRW bathing (n = 2) (54, 59), inhalation of H2-rich gas (HRG) 
(n = 5) (27, 57, 60, 62, 64), and oral ingestion of H2-rich calcium 
(HRC) powder (n = 2) (31, 61). H2 concentrations were found to 

FIGURE 1

Study flowchart.
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TABLE 1 Characteristics of the included studies (n  =  29).

Study Design Sample 
size

Age (yr) %F Training 
status

Methods of H2 administration Exercise protocol Outcome measures

Aoki et al. (51) RCD 10 20.9 ± 1.3 0 Elite soccer players HRW (H2 conc.:0.92 ~ 1.02 ppm)

Three 500 mL doses before exercise

Cycling for 30 min at 75% V̇O2max and 

maximal isokinetic knee extensions test

Peak torque→; BLA↓; d-ROMs→; 

BAP→; CK→; MF→; MPF→

Ostojic et al. (52) RCT H:26 25.1 ± 3.4 0 Male athletes HRW (pH:9.3; ORP: −372 mV; EC:12.0 ms/m; 

DO:6.0 mg/L)

2 L per day for 2 weeks

15 min incremental treadmill running (start 

at 8 km/h and increase by 2 km/h every 

3 min).

Blood pH→; Partial pressure for carbon 

dioxide→; Serum bicarbonates↑P:26 23.8 ± 4.5

Drid et al. (53) RCD 8 21.4 ± 2.2 100 Judo athletes HRW﹟

300 mL within 30 min before exercise

Special judo fitness test Fitness performance index→; BLA↓; 

Blood pH→; Bicarbonate↓; HRmax→; 

HRrecovery→

Kawamura et al. 

(54)

RCD 9 25.0 ± 3.0 0 Healthy and active 

young men

HRW bathing for 20 min before exercise Downhill running (8% decline at 

75%VO2peak for 30 min)

Running speed→; VO2→; %VO2peak→, 

HRavg→; BLA→; VAS→; CK→; 

Myoglobin; Malondialdehyde→; 

d-ROMs→; BAP↓; Myeloperoxidase→; 

Interleukin-6→

Da Ponte et al. 

(55)

RCD 8 41 ± 7 0 Well-trained 

cyclists

HRW﹟ (pH:9.8; ORP: −180 mV; FH:450 ppb; 

TDS:180 mg/L)

2 L per day for 2 weeks before exercise

30 min intermittent(10x3min) cycling Pm for 30mina→; BLA→; Fatigue 

index→; RPE→; V̇O2→; RER→; HRavg→; 

Blood pH→; Bicarbonate [HCO3-] →; 

Base excess→; pO2→; pCO2→; 

Hemoglobin→; Hemoglobin Sat→; 

Glucose→

LeBaron et al. 

(22)

RCD 19 25.0 ± 8.9 21 Untrained healthy 

participants

HRW﹟ (TDS:13.1 mg/L)

500 mL intake the day before and on the day 

of exercise

Incremental treadmill running test to 

exhaustion

V̇O2peak→; HRavg↓; RER→; RR→

Botek et al. (56) RCD 12 27.1 ± 4.9 0 Recreationally 

trained sports 

science students

HRW (pH:7.4; ORP: -400 mV; Temp: 22°C; 

H2 conc.:0.5 ppm)

Incremental cycling test to exhaustion BLA↓; RPE↓; V̇E→; V̇O2→; V̇E/V̇O2↑; 

HRmax→; RQ→

600 mL within 30 min before exercise

Javorac et al. (57) RCD 20 22.9 ± 1.5 50 Untrained 

physically active 

participants

HRG﹟ (%4 H2)

20 min once-per-day inhalation for 7 days

Maximal voluntary isometric strength of leg, 

YMCA bench press test, and incremental 

treadmill running test to exhaustion

TTE→; Maximum running speed↑; 

V̇O2max→; MVIS→; YMCA endurance→; 

Resting BLA→; Blood pressure→; 

Resting HR→; MRS↑; Insulin→; 

Ghrelin→; IGF-1↑; CK→; Myoglobin→; 

C-reactive protein↑; Ferritin↑; ESR→

Ooi et al. (29) RCD 14 34 ± 4 0 Well-trained 

runners/triathletes

HRW (H2 conc.: 2.60 ppm)

2 doses of 290 mL within 5 ~ 10 min before 

exercise

Incremental treadmill running test to 

exhaustion

TTE→; Speed at OBLA→; V̇O2max→; 

BLA→; RPE→; HRmax→; RE→; V̇Emax→; 

RER→; Blood Glucose→; Blood HCO3-

→; Blood pH→

(Continued)
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TABLE 1 (Continued)

Study Design Sample 
size

Age (yr) %F Training 
status

Methods of H2 administration Exercise protocol Outcome measures

Mikami et al. 

(Exp.1) (28)

RCT H:52 51.2 ± 6.9 55.8 Untrained 

physically active 

participants

HRW (H2 conc.:0.8 ppm)

500 mL within 30 min before exercise

Incremental cycling test to 75% HRmax V̇O2max→; Resting RPE↓; VAS↓; HRavg a↓

P:47 51.5 ± 7.9 57.4

Mikami et al. 

(Exp.2) (28)

RCT H:30 43.6 ± 13.3 50 Fitness trainers HRW (H2 conc.:1.0 ppm)

500 mL within 10 min before exercise

Incremental cycling test to HRmax V̇O2max↑; RPE↓

P:30 43.2 ± 14.4 50

Dobashi et al. 

(30)

RCD 8 19.4 ± 0.85 0 Untrained 

physically active 

participants

HRW (Temp: 4°C; H2 conc.:5.14 ppm)

500 mL within 5 min before and after the 

exercise for 3 days

Three sets of 10-s repeated sprint cycling over 

6 min, CMJ, and MVIS of knee extensions 

test

BLA→; MVIS→; CMJ→; Pmax for 

10 s → ; Pm for 10 s→; d-ROMs→; 

BAP→

Botek et al. (58) RCD 16 31.6 ± 8.6 0 Well-trained 

runners

HRW (pH:7.8; H2 conc.: 0.9 ppm)

420 mL doses at 24 h, 3 h, 2 h, and 40 min 

before exercise

4.2-km up-hill race Race time→; RPE→; HRavg→

Shibayama et al. 

(27)

RCD 8 20.9 ± 0.3 0 Untrained 

physically active 

participants

HRG﹟ (68% H2)

60 min after exercise

30 min treadmill running (75%V̇O2max), CMJ, 

10 s sprint cycling, 30s sprint cycling, and 

MVIS of knee extensions test

Pm for 30s→; MVIS→; CMJ↑; Pmax for 

10s→; d-ROMs→; BAP→; U8ER↓; 

CKa→; LDa→; White blood cells→

Todorovic et al. 

(59)

RCD 6 24 ± 4 0 Healthy and active 

young men

HRW bathing (dissolve magnesium malate 

effervescent tablets in 200 L of tap water in a 

bathtub)

immerse the whole body for 30 min 

immediately after exercise.

Five sets x 10 reps of eccentric leg presses 

(120% 1RM) followed by two sets x 10 reps of 

eccentric leg presses (100% 1RM), with 3 min 

between sets.

VAS↓; CK↓; Lactate dehydrogenase→; 

Aldolase→; Aspartate transaminase→; 

Troponin I→; Myoglobin→; White 

blood cells→; C-reactive protein→

Hori et al. (60) RCD 12 21.8 ± 5.8 0 Untrained healthy 

participants

HRG (1% H2)

inhalation of H2 gas 10 min before and 20 min 

during exercise

Cycling for 30 min at 60% V̇O2peak VCO2↑; VE↑; HRavg a→; Resting 

HR → Vacetone↑; V̇O2 rest→; VCO2 

rest→; VE rest→; Vacetone rest→; 

d-ROMs→; BAP→

Hori et al. (Exp.1) 

(23)

RCD 9 19.9 ± 1.2 33.3 Untrained 

university students

HRW (H2 conc.:4.3 ppm)

500 mL doses at 35 min before exercise

Incremental cycling test to exhaustion V̇O2peak↑; Peak load→; BLA→; RPE→; 

HRmax→; Resting HR→; CDO→; 

RER→; V̇E→; d-ROMs→; BAP→

Hori et al. (Exp.2) 

(23)

RCT H:10 20.3 ± 1.3 0 Untrained 

university students

HRW (H2 conc.:5.9 ppm)

500 mL on all weekdays for 2 weeks

Incremental cycling test to exhaustion V̇O2peak→; BLA a→; Peak load→; RPE→; 

CDO→; RER→; V̇E→; HRmax→; Resting 

HR→; d-ROMs↑; BAP↑
P:10 20.4 ± 4.7

Botek et al. (34) RCD 12 23.8 ± 1.9 0 Resistance trainers HRW (Temp: 22°C; pH:7.8; ORP: −652 mV; 

H2 conc.: 0.9 ppm)

210 mL at 30 min and at 1 min before training, 

210 mL in the middle of the exercise session, 

then another 210 mL immediately after the 

end of the exercise session, and 420 mL of 

HRW at 30 min of recovery

A half squat, knee flexion, and extension 

exercises with the load set at 70%1RM for 3 

sets (10 reps/set) + Lunges were performed 

with a load of 30% of body mass for 3 sets (20 

reps/set)

RPE→; BLA↓; VAS↓; CK→; CMJ→; 

HRV→; Time of lunges↑

(Continued)
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TABLE 1 (Continued)

Study Design Sample 
size

Age (yr) %F Training 
status

Methods of H2 administration Exercise protocol Outcome measures

Timon et al. (26) RCD 27 25.9 ± 5.6 Un Recreationally 

trained cyclists 

(n = 12) and 

untrained 

participants 

(n = 15)

HRW (pH: 7.5; H2 conc.:1.9 ppm; ORP: 

-600 mV)

1920 and 2,240 mL per day for 7 days

Incremental cycling test to exhaustion and 

30 s maximal anaerobic test

V̇O2max↑; TTE↑; Pm of maximal 

anaerobic test↑; BLA→; Pmax of 

maximal cycling test↑; Fatigue index↓; 

RPE→; HRmax→; VT2%V̇O2max↑

Alharbi et al. (31) RCD 18 21 ± 1 0 Recreationally 

trained 

participants

HRC﹟ (0.636 μg/capsule)

2.544 μg/day for 3 days

Incremental cycling test to exhaustion V̇O2peak→; TTE→; BLA→; Pmax→; 

HRmax→; Electrolytes (Na + →; K + →; 

Ca2 + →; Cl − →; AGap↑; AGapK→); 

V̇E↑; V̇O2↑; V̇CO2↑; Blood gas (pH↑; 

PO2→; PCO2→; HCO3-↑); TR-NIRS in 

the RF/VL (Total [Hb + Mb] →; Deoxy 

[Hb + Mb] ↑; StO2↑)

Dong et al. (24) RCT H:9 23.22 ± 1.09 33 Dragon boat 

athletes

HRW﹟ (FH:1600 ppb)

1,000 mL per day for 8 days

30 s maximal dynamometer rowing test Predicted time of rowing 500 m→; Pm→; 

Pmax↑; HRmax↓; HRrecovery↓; Resting 

HR→;
P:9 22.67 ± 0.87

Botek et al. (25) RCD 16 18.8 ± 1.2 0 Professional soccer 

players

HRW (pH:7.9 ORP: −652 mV; Temp: 20°C; 

H2 conc.:0.9 ppm)

420 mL at 120 min, 60 min and 210 mL at 

15 min, and 5 min before exercise

Repeated sprints (15 × 30 m track sprints with 

recovery 20 s)

15th 30-meter sprint time↓; 

BLA → RPE→

Valenta et al. (33) RCD 24 17.5 ± 1.8 0 Trained track and 

field runners

HRW (pH:7.8; ORP: -600 mV; H2 

conc.:0.9 ppm) 420 mL was applied 120 min 

and 60 min before exercise, and 210 mL was 

applied 30 min and 10 min before exercise

Individual maximal aerobic speed until 

exhaustion (the time to exhaustion)

TTE→; DTE→; BLA→; HRmax→; BF→; 

VE→; VO2→; VCO2→; VE/VO2→; 

RQ→

Alharbi et al. (61) RCD 10 20.0 ± 1.0 0 Trained track and 

field runners

HRC (0.636 μg/capsule)

2.544 μg supplements 1 h before exercise

Repeated cycling

(Six repetitions of the 7 s all-out pedaling at 

7.5% body weight separated by 40 s intervals)

Pmax↑; Muscle deoxygenation↑; Tissue 

O2 saturation↑; HRmax
a→; HRrecovery

a→; 

Blood pH↑

Hong et al. (62) RCD 24 21.3 ± 2.7 0 Physical education 

students

HRG (The ratio of oxygen to hydrogen in the 

H2 gas is 2:1); Inhaled H2 gas for 20 min 

before exercise

Constant workload cycling exercise; MVIS of 

knee extensions test

RPE↓; HR↓; PFC↑; MVIS→

Jebabli et al. (63) RCD 22 21 ± 1 0 Amateur middle-

distance runners

HRW (Temp: 12°C; pH:7.4; H2 conc.: 0.55–

0.65 mmol)

500 mL before exercise

Vameval test and race with maximal aerobic 

speed until voluntary exhaustion

Speed of the Vameval test↑; TTE↑; SJ→, 

CMJ→; 5JT→; RPE↑; HRmax↑

(Continued)
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be highly variable (e.g., HRW:0.5 ~ 5.9 ppm; HRG:1 to 68%) among 
the various products examined. Nine studies did not report the 
concentration of H2 (22, 24, 27, 31, 53–55, 57, 59). Single (n = 9) or 
multiple doses (ranging from 3 to 4 doses) of H2 supplementation 
prior to exercise is a common intervention protocol. In total, 14 
studies examined the effects of H2 intake within 24 h before exercise 
(23, 25, 28, 29, 33, 51, 53, 54, 56, 58, 61–64). Nine studies 
implemented the protocol of repeated intake of H2 from 2 to 14 days 
before exercise (22–24, 26, 30, 31, 52, 55, 57). One study (60) used 
30 min inhalation of HRG during exercise. Another study (65) 
examined the effects of multiple doses of H2 supplementation before 
and during exercise. Two studies examined the effects of a single 
intake of H2 after exercise (27, 59). One study (34) used 210 mL at 
30 min and 1 min before exercise, 210 mL during mid-exercise, 
another 210 mL immediately after exercise, and 420 mL of HRW 
30 min after recovery. The physicochemical properties of HRW, HRW 
bathing, HRG, and HRC are shown in Table  1. Placebos were 
identical in appearance, texture, and taste to H2 products, such as 
drinking water, air, and capsules.

3.2.3 Exercise protocol and outcome 
measurements

The included studies highlighted the effects of H2 
supplementation on aerobic endurance, anaerobic endurance, 
muscular strength, and lower extremity explosive strength in 
participants. In these studies, continuous incremental load and 
fixed-load subliminal exercise were the most commonly used 
aerobic endurance intervention or testing protocols. V ̇O2max, 
V ̇O2peak, TTE, race time, and power were metrics used to measure 
aerobic endurance performance (24, 26, 28, 29, 33, 55, 57, 61, 63). 
The 30 s maximal anaerobic power test (i.e., pedaling bicycle or 
rowing dynamometer) was used to assess the anaerobic endurance 
(i.e., mean or maximal power) (24, 26, 27). One study (57) used 
the MVIS to assess the force of knee extension prior to high-
intensity aerobic exercise; four studies (27, 30, 51, 62) were 
conducted to evaluate the magnitude of knee extensor force or 
peak torque in the MVIC after vigorous exercise. Eight studies 
(25, 27, 30, 34, 61, 63–65) evaluated alterations in lower limb 
explosive power (i.e., CMJ height and peak power output during 
10 s or 30 m sprint) during or after vigorous exercise in 
participants. One study (53) used the special fitness test to assess 
the effects of HRW intake on athletic performance in judo 
athletes. Additionally, the included studies focused on assessing 
the effects of H2 administration on various physiological 
parameters during exercise, such as RPE, BLA, HR, pH, 
respiratory function, antioxidant levels, muscle oxygenation, and 
endocrine system. The outcomes of each study are summarized in 
Table 1.

3.3 Quality assessment

The risk of bias in the 27 publications (29 studies) was assessed, 
and a consensus was reached after discussion. The overall result is 
shown in Figure 2. Two studies (23, 28) did not adequately report on 
participant randomization and concealment methods. Five studies 
(23, 24, 30, 55, 60) did not adequately describe participant, staff, or 
evaluator blinding. No studies had incomplete results due to T
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participants’ withdrawal. All studies reported experimental procedures 
and conducted the experiments as planned. According to the 
possibility of bias, the study was assessed as being low risk, moderate 
risk, or high risk. One study (23) was evaluated as having a high-risk 
bias, five studies (24, 28, 30, 55, 60) had a moderate risk bias, and 
others were assessed as having a low-risk bias. The quality of evidence 
for outcomes was evaluated as moderate to high, and details for the 
evaluation of the GRADE framework are presented in 
Supplementary Table S2.

3.4 Meta-analysis

A subgroup analysis was performed on aerobic endurance, 
anaerobic endurance, muscle strength, lower limb explosive 
power, RPE, and BLA, considering potential sources of 
heterogeneity, including exercise types and H2 sources. 
Additionally, we used a subgroup analysis to explore the effects of 
H2 supplementation on muscle performance before or after 
vigorous exercise (Table 2).

3.4.1 Effects of H2 on aerobic endurance

3.4.1.1 V̇O2max (V̇O2peak)
Three studies (23, 26, 28) showed that H2 can significantly 

improve V ̇O2max or V ̇O2peak as compared to the placebo; while 
another five publications (six studies) (22, 28, 29, 31, 57) showed 
opposite results: H2 cannot significantly improve V ̇O2max or V ̇O2peak 
(Table 1).

The pooled ES of V̇O2max and V̇O2peak was not significant and 
trivial (SMD = 0.09, 95% CI −0.11 to 0.28, p = 0.394, Figure 3) and 
without heterogeneity (I2  = 0%, p = 0.996). The funnel plot 

(Supplementary Figure S1A) and Egger’s test (t = −0.30, p = 0.776) 
indicated that there was no publication bias. Subgroup analyses 
showed non-significant trivial ESs for HRG (SMD = -0.06, 95% CI 
−0.68 to 0.56, p = 0.861), HRC (SMD = −0.04, 95% CI −0.70 to 0.61, 
p = 0.895), and HRW (SMD = 0.12, 95% CI −0.10 to 0.34, p = 0.290) on 
V̇O2max (V̇O2peak).

3.4.1.2 Aerobic endurance exercise performance
Two studies (26, 63) showed that H2 can significantly improve 

aerobic exercise performance as compared to the placebo, while 
another eight publications (nine studies) (23, 24, 29, 31, 33, 54, 57, 58) 
showed that H2 cannot (Table 1).

The pooled ES of aerobic exercise performance was not significant 
and trivial (SMD = 0.04, 95% CI -0.17 to 0.25, p = 0.687, Figure 4) and 
without heterogeneity (I2  = 0%, p = 0.991). The funnel plot 
(Supplementary Figure S1B) and Egger’s test (t = 0.75, p = 0.474) 
indicated that there was no publication bias on these results. 
Subgroup analyses showed non-significant trivial ESs for HRG 
(SMD = 0.002, 95% CI −0.618 to −0.622, p = 0.994), HRC 
(SMD = −0.02, 95% CI −0.68 to 0.63, p = 0.941), and HRW 
(SMD = 0.06, 95% CI −0.18 to 0.29, p = 0.632) on aerobic 
exercise performance.

3.4.2 Effects of H2 on anaerobic endurance
One study (26) showed that H2 can significantly improve mean 

and peak power output during the 30 s maximal anaerobic test as 
compared to the placebo. One study (24) showed that H2 can 
significantly improve peak power output in a 30 s maximal anaerobic 
test compared to placebo but cannot significantly improve mean 
power, while another study (27) showed the opposite result that H2 
cannot significantly improve mean power output during the 30 s 
maximal anaerobic test (Table 1).

FIGURE 2

Risk of bias in the included studies.
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TABLE 2 Subgroup analysis results regarding the effects of H2 on RPE and BLA.

Outcomes Variables
No. of 
studies

SMD (95% CI) p-value
Test of heterogeneity

χ2 p-value I2 (%)

RPE Exercise types

Strength training 1 −1.41 (−2.32, −0.50) 0.002 0 — —

Repeated sprints 1 −0.96 (−1.70, −0.22) 0.011 0 — —

Aerobic endurance exercise 10 −0.33 (−0.59, −0.07) 0.013 15.29 0.083 41.2

Anaerobic endurance exercise 1 0.29 (−0.25, 0.83) 0.290 0 — —

Hydrogen source

HRW 12 −0.32 (−0.60, −0.03) 0.029 25.13 0.009 56.2

HRG 1 −0.91 (−1.51, −0.31) 0.003 0 — —

BLA Exercise types

Strength training 1 −0.53 (−1.34, 0.29) 0.206 0 — —

Repeated sprints 2 −0.20 (−0.77, 0.37) 0.496 0.99 0.320 0

Aerobic endurance exercise 9 −0.38 (−0.67, −0.08) 0.013 12.08 0.148 33.8

Anaerobic endurance exercise 2 −0.67 (−1.72, 0.38) 0.213 3.01 0.083 66.8

Hydrogen source

HRW 12 −0.37 (−0.59, −0.16) 0.001 15.37 0.166 28.4

HRG 1 −0.47 (−1.04, 0.11) 0.111 0 — —

HRC 1 0.00 (−0.65, 0.65) 0.999 0 — —

RPE, Rating of perceived exertion; BLA, blood lactate; HRW, hydrogen-rich water; HRG, hydrogen-rich gas; HRC, hydrogen-rich calcium powder.

FIGURE 3

Forest plot of the effects of H2 supplementation on V̇O2max/V̇O2peak. Exp.1, Experiment 1; Exp.2, Experiment 2.
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The pooled ES of anaerobic exercise performance was not 
significant and close to small (SMD = 0.19, 95% CI −0.12 to 0.50, 
p = 0.239, Figure 5) with low heterogeneity (I2 = 0%, p = 0.929). The 
funnel plot (Supplementary Figure S1C) and Egger’s test (t = 0.58, 
p = 0.586) indicated that there was no publication bias. With regard to 
the source of H2, the ES was trivial for HRG (SMD = −0.09, 95% CI 
−1.07 to 0.89, p = 0.853), while it was small (SMD = 0.22, 95% CI −0.11 
to 0.55, p = 0.192) for HRW.

3.4.3 Effects of H2 on muscle strength
Five studies (27, 30, 51, 57, 62) showed that H2 cannot significantly 

improve maximum strength compared to the placebo (Table 1).
The pooled ES of muscle strength was not significant and close to 

small (SMD = 0.19, 95% CI -0.14 to 0.52, p = 0.265, Figure 6) and with 
low heterogeneity (I2  = 0%, p = 0.770). The funnel plot 
(Supplementary Figure S1D) and Egger’s test (t = 2.67, p = 0.076) 
indicated no publication bias.

Subgroup analyses showed that the ES was trivial (SMD = 0.10, 
95% CI −0.52 to 0.72, p = 0.741) for muscle strength assessed before 
vigorous exercise, and it was small (SMD = 0.22, 95% CI −0.17 to 0.62, 
p = 0.266) for H2 on muscle strength assessed after vigorous exercise. 
With regards to the source of H2, the ES was not significantly trivial 
for HRG (SMD = 0.13, 95% CI −0.26 to 0.51, p = 0.520), while it was 
small (SMD = 0.38, 95% CI −0.29 to 1.05, p = 0.265) for HRW.

3.4.4 Effects of H2 on lower limb explosive power
Three studies (25, 61, 65) showed that H2 can significantly improve 

lower limb explosive power as compared to the placebo, while another 
five studies (27, 30, 34, 63, 64) showed opposite results that H2 cannot 
improve lower limb explosive power (Table 1).

The pooled ES of lower limb explosive power was significant and 
small (SMD = 0.30, 95% CI 0.05 to 0.55, p = 0.018, Figure  7) and 
without heterogeneity (I2  = 0%, p = 0.949). The funnel plot 
(Supplementary Figure S1E) and Egger’s test (t = 0.49, p = 0.636) 
indicated no publication bias. Subgroup analyses showed that the ES 
of HRG on lower limb explosive power was significant and moderate 
(SMD = 0.52, 95% CI 0.07 to 0.97, p = 0.023), while HRC was not 
significant and small (SMD = 0.20, 95% CI −0.68 to 1.08, p = 0.655), 
and HRW was not significant and small (SMD = 0.20, 95% CI −0.11 
to 0.52, p = 0.206).

3.4.5 Effects of H2 on the exploratory outcomes

3.4.5.1 RPE
Four studies (28, 56, 62, 64) showed that H2 can significantly 

reduce RPE score as compared to the placebo, while another eight 
publications (nine studies) (23, 25, 26, 29, 34, 55, 58, 63) showed that 
H2 cannot significantly reduce RPE score (Table 1). The pooled ES of 
the RPE score was small and significant (SMD = −0.37, 95% CI −0.65 

FIGURE 4

Forest plot of the effects of H2 supplementation on aerobic exercise performance. Exp.1, Experiment 1; Exp.2, Experiment 2.
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to −0.09, p = 0.009, Supplementary Figure S2), with moderate 
heterogeneity (I2  = 58.0%, p = 0.005). The funnel plot 
(Supplementary Figure S1F) and Egger’s test (t = −0.06, p = 0.955) 
indicated no publication bias.

The results of subgroup analyses revealed that strength training 
and repeated sprints yielded significant and large ESs (SMD = −1.41, 
95% CI −2.32 to −0.50, p = 0.002 and SMD = −0.96, 95% CI −1.70 to 
−0.22, p = 0.011, respectively), while aerobic endurance exercise 
produced a significant and small ES (SMD = −0.33, 95% CI −0.59 to 
−0.07, p = 0.013). Conversely, anaerobic endurance exercise elicited 
small and non-significant ES (SMD = 0.29, 95% CI −0.25 to 0.83, 
p = 0.290). With regards to the source of H2, the ES was significantly 
large for HRG (SMD = −0.91, 95% CI −1.51 to −0.31, p = 0.003), while 
it was relatively small (SMD = −0.32, 95% CI −0.60 to −0.03, p = 0.029) 
for HRW.

3.4.5.2 BLA
Five studies (34, 51, 53, 56, 64) showed that H2 can significantly 

improve BLA as compared to the placebo, while another eight 
publications (nine studies) (23, 25, 26, 29–31, 33, 55) showed opposite 
results that H2 cannot significantly improve BLA (Table 1). The pooled 
ES of BLA was small and significant (SMD = −0.37, 95% CI −0.60 to 
−0.15, p = 0.001, Supplementary Figure S3), with low heterogeneity 
(I2 = 22.0%, p = 0.215). The funnel plot (Supplementary Figure S1G) 
and Egger’s test (t = −3.44, p = 0.005) indicated that there was a 

potential risk of publication bias on these results, but the trim and fill 
method for sensitive analysis showed that the pooled ES (fixed: 
SMD = −0.349, p < 0.001; Random: SMD = −0.375, p = 0.001) was 
robust after filled meta-analysis.

The results of subgroup analyses revealed that aerobic endurance 
exercise yielded a significant and small ES (SMD = −0.38, 95% CI 
−0.67 to −0.08, p = 0.013), while anaerobic endurance exercise 
produced a non-significant and small ES (SMD = −0.67, 95% CI 
−1.72 to 0.38, p = 0.213); strength training elicited moderate and 
non-significant ES (SMD = −0.53, 95% CI −1.34 to 0.29, p = 0.206). 
Repeated sprints yielded a non-significant and small ES 
(SMD = −0.20, 95% CI −0.77 to 0.37, p = 0.496). With regards to the 
source of H2, the ES was significantly small for HRW (SMD = −0.42, 
95% CI −0.68 to −0.15, p = 0.002), and the ES of HRG was small and 
not significant (SMD = −0.47, 95% CI −1.04 to 0.11, p = 0.111), 
while it was trivial (SMD = 0.00, 95% CI −0.65 to 0.65, p = 0.999) 
for HRC.

3.4.5.3 HRavg

Two studies (22, 62) showed that H2 can significantly improve 
HRavg during exercise as compared to the placebo, while another three 
studies (54, 55, 58) showed the opposite result that H2 cannot 
significantly improve HRavg (Table 1). The pooled ES of HRavg was not 
significant and small (SMD = −0.27, 95% CI −0.60 to 0.05, p = 0.094, 
Supplementary Figure S4) and without heterogeneity (I2  = 0%, 

FIGURE 5

Forest plot of the effects of H2 supplementation on anaerobic exercise performance. t, trained participants; u, untrained participants.
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p = 0.557). The funnel plot (Supplementary Figure S1H) and Egger’s 
test (t = 1.26, p = 0.296) indicated that there was no publication bias.

4 Discussion

To our knowledge, this is the first systematic review and meta-
analysis exploring the effects of H2 supplementation on physical 
performance in healthy adults. The results suggest that H2 
supplementation is promising for improving lower limb explosive 
power and reducing RPE and BLA clearance during vigorous exercise. 
However, it does not enhance endurance performance and muscle 
strength or decrease HRavg.

This meta-analysis suggests that administering H2 before or after 
exercise may serve as a potential strategy to effectively enhance lower 
limb explosive power in healthy adults. One potential mechanism 
underlying the effects of H2 on explosive power is that H2 can directly 
react with strong oxidants in vivo [e.g., hydroxyl radicals (•OH)] to 
modulate Ca2+ or mitochondrial ATP-dependent K+ channels, thus 
facilitating mitochondrial ATP production (20, 66–69). Additionally, 
H2 could reduce intracellular reactive oxygen species (ROS) levels and 
thus enhance muscle contractile function (27, 70). For example, a 
study conducted on soccer players demonstrated that administering 
three successive doses of 500 mL of HRW prior to high-intensity 
aerobic exercise increased the mean power frequency of skeletal 

muscles during subsequent strength tests (51). However, this finding 
that H2 promotes lower limb explosive power may be influenced by a 
small sample size (n = 92) or movement pattern. One example is that 
H2 significantly improved participants’ sprint performance compared 
to their vertical jump performance (25, 63). Therefore, more research 
is still needed to confirm this finding in the future. The result showed 
that H2 did not significantly improve muscle strength after aerobic 
endurance exercise. One possible reason is that intense aerobic 
exercise leads to a consumption of H2 in the body that does not 
continually provide benefits for subsequent muscle strength 
performance. One study (34) shows that 1,260 mL of HRW intake can 
increase the movement velocity of multiple lunges during resistance 
training. Therefore, more studies are needed in the future to clarify the 
effects of H2 supplementation on muscular strength performance in 
isolated resistance training. It has been observed that H2 
supplementation cannot significantly improve aerobic and anaerobic 
endurance performance. Endurance performance depends on the 
multiple factors of human respiratory function, oxygen transport, and 
local muscle oxygen utilization during exercise (71, 72). Studies have 
shown that using H2 failed to significantly improve these critical 
factors (e.g., V̇O2max and running economy) of endurance performance 
(23, 29, 31, 56, 57), thus leading to the insignificant benefits of H2 on 
this important function.

While H2 supplementation does not appear to enhance endurance 
performance or increase muscle strength, it does demonstrate favorable 

FIGURE 6

Forest plot of the effects of H2 supplementation on muscle strength.

127

https://doi.org/10.3389/fnut.2024.1387657
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Zhou et al. 10.3389/fnut.2024.1387657

Frontiers in Nutrition 14 frontiersin.org

effects in reducing RPE, BLA levels, and HRavg among individuals 
engaged in high-intensity exercise. H2 appears to be a neuroprotective 
agent that facilitates the restoration of neuronal oxidative damage by 
reducing oxidative stress and neuroinflammation (16, 73–75). H2 
intake has also been reported to induce positive effects on exercise 
acidosis (56), thus modulating intracellular and extracellular buffering 
capacity during vigorous exercise (76). The decrease in BLA during 
exercise may be attributed to the fact that molecular H2 accelerates the 
transport of BLA to the liver for storage and oxidation, as well as 
increasing the utilization of lactate as a fuel by the muscles (56, 77). 
Subgroup analysis reveals that H2 supplementation reduces BLA 
concentration in aerobic endurance exercise, which is superior to other 
exercise types. The reduction in BLA response during aerobic 
endurance exercise may indicate that H2 supplementation enhances 
oxidative energy metabolism (28). Indeed, this finding may 
be unreliable due to the small number of studies on other exercise 
types. Therefore, future research should focus more on the effects of H2 
supplementation on anaerobic endurance, muscular strength, and 
repeated sprint performance. Subgroup analyses reveal two important 
factors that likely contribute to the effects of H2 supplementation on 
RPE. First, we observed that the effects were greater in strength training 
and repeated sprints as compared to endurance exercise. The observed 
variations in RPE could be attributed to the disparities in the energy 

supply mechanisms across different types of exercises. It is plausible 
that H2 gas may exhibit a higher affinity toward the phosphagen system 
when compared to the oxidative and glycolytic systems (66). Second, 
inhalation of H2 gas (HRG) is superior to the ingestion of HRW in 
mitigating RPE. The observed discrepancy can be attributed to the fact 
that the respiratory absorption of molecular H2 is significantly more 
efficient and comprehensive in comparison to its digestive absorption 
in HRW. Nonetheless, given the restricted sample size, it is imperative 
to ensure further validation of the outcomes of the subgroup analysis.

5 Limitations

Five included studies with a small number of participants (n ≤ 10) 
(23, 27, 30, 52, 53) may lead to potential bias. Most studies to date 
focus on only younger and middle-aged men, and future studies are 
highly demanded to examine the benefits of H2 for women and those 
with older age. The current studies only investigated the effects of H2 
supplementation for 1–14 days and future studies need to focus on the 
effects of longer supplementation periods. Some studies did not report 
or detect H2 concentrations, and the H2 dosing regimen was highly 
variable. The dose–response relationship between H2 and physical 
performance has not been established, which should be explored in 

FIGURE 7

Forest plot of the effects of H2 supplementation on lower limb explosive power.
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the future to determine the most appropriate dosage and intervention 
protocol for H2 for enhancing physical performance.

6 Conclusion

In summary, this systematic review and meta-analysis suggest that 
short-term (<14 days) H2 supplementation protocols contribute to 
improved lower limb explosive power, fatigue relief, and BLA 
clearance but may not significantly improve aerobic endurance, 
anaerobic endurance, or muscular strength. Inhaling H2 shows 
promise as the optimal method for improving physical performance 
(i.e., lower limb explosive power) in healthy adults. Future studies with 
rigorous designs are needed to help obtain more definitive conclusions 
on the effects of H2 on lower limb explosive power and muscle 
strength in healthy adults.
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The effects of direct nutritional supplements on athletic performance are still 
being investigated and arouse curiosity. Only one study in the literature was 
found that investigated the kicking speed performance of futsal players following 
low-dose caffeine supplementation (3  mg/kg); thus, the question of whether 
caffeine supplementation improves kicking speed as well as essential physical 
parameters in soccer players is still controversial. Therefore, the aim of this 
study was to determine the effect of caffeine supplementation on vertical jump 
(VJ), sprint, reaction time, balance, change of direction (COD), and ball-kicking 
speed in soccer players. In a double-blind, cross-over design, nine moderately 
trained male soccer players (21.11  ±  2.02  years, 171.22  ±  6.14  cm, 71.78  ±  10.02  kg) 
consumed caffeine (6  mg/kg) or a placebo 60  min before completing balance, 
reaction time, vertical jump, agility, 30  m sprint, and ball-kicking speed tests. 
Greater VJ height (p  =  0.01) and power (p  =  0.08), and faster completion time 
according to the Illinois Agility Test (p  =  0.08) were found following caffeine 
supplementation compared to placebo. Elapsed time (p  =  0.01), average 
(p  =  0.01) time, and the slowest reaction times (p  =  0.016) were significantly 
reduced after caffeine consumption compared to placebo supplementation. 
Caffeine intake significantly improved VJ, agility, and reaction time (p  <  0.05) but 
did not affect 30  m sprint, ball-kicking speed, balance, and RPE values in soccer 
players (p  >  0.05). Although non-significant, caffeine intake also improved 
sprint (0.67%) and ball kicking (2.7%) performance percentages. Also, caffeine 
consumption did not induce dehydration, and the athletes’ body hydration 
levels were normal. These findings support the use of caffeine supplementation 
as an effective nutritional ergogenic aid to enhance anaerobic performance, at 
least for vertical jumps, COD speed, and reaction time, in trained male soccer 
players.
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1 Introduction

Soccer performance is characterized by bursts of high-intensity 
physical activity, which requires players to simultaneously perform 
intense running, and explosive soccer-specific actions such as kicking, 
jumping, sprinting, and agility (1). An ergogenic aid is defined as any 
intervention encompassing training techniques, mechanical devices, 
nutritional components, pharmacological methods, or psychological 
strategies that can enhance exercise performance capacity or improve 
training adaptations (2). Thus, the efficacy of ergogenic aids, such as 
caffeine, on anaerobic performance is of interest to soccer players, 
coaches, and sports scientists. Caffeine is the most widely used 
ergogenic aid by the athletic population (3). Indeed, following the 
removal of caffeine from the World Anti-Doping Agency’s list of 
banned substances, it has been reported that three of every four 
professional athletes use caffeine before or during competition (4). As 
such, in a study by Tallis et al. (5) 35 of the 36 clubs across the English 
professional soccer leagues reported that caffeine was administered to 
enhance soccer performance. The rationale behind this phenomenon 
is the underlying mechanisms by which the ergogenicity of caffeine 
may benefit anaerobic performance, which are the antagonism of the 
adenosine receptor at concentrations in the micromolar range in the 
central nervous system (CNS) (6), increased β-endorphins secretion 
via activation of the hypothalamic-pituitary-adrenal (HPA) axis (7), 
and intracellular calcium release from the sarcoplasmic reticulum in 
muscle cells (8), all of which can benefit performance via improving 
power, agility, reaction time, and alertness and delaying fatigue (6).

The ergogenic effect of caffeine supplementation has been 
reported in a variety of soccer-specific performance parameters, such 
as improved performance in the Loughborough Soccer Passing Test 
(9), the 20 m sprint test (10), fatigue resistance in 75% of the VO2max 
to volitional fatigue test (11), jumping performance in the 
countermovement jump (CMJ) test (11, 12), agility in the arrowhead 
agility test (10), and reaction time (10, 11, 13). However, direct 
extrapolation of these findings to the complexity of soccer is 
complicated, and no study has yet investigated all these parameters in 
the same test setting with the same participant groups (6). Since the 
ergogenicity of caffeine may be influenced by various factors, such as 
genotype (14), training status (15), habituation to caffeine (16), and 
supplementation regimen, various physical performance responses to 
caffeine can differ even in the same person (6). Therefore, evaluating 
the effect of caffeine supplementation on all these soccer-specific skills 
and/or parameters in the same field test battery is important for 
improving understanding of the potential of caffeine supplementation 
to soccer performance.

Kicking is another key skill and/or component of soccer. Indeed, 
ball-kicking speed has been suggested as a new, efficient performance 
indicator in youth soccer players (17). Given that the ball-kicking 
speed is associated with and/or affected by various physical aspects 
(e.g., technique, power, and balance), it might be anticipated that 
caffeine supplementation has the potential to influence ball-kicking 
speed; however, empirical evidence to support this is presently lacking. 
While one previous study by Lopez-Samanes et al. (18) reported no 
difference in ball velocity performance in futsal players after low-dose 
of caffeine (3 mg/kg) supplementation, it remains unknown whether 
caffeine supplementation improves the ball-kicking speed in soccer 
players. As such, further research is required to assess the effect of 
caffeine supplementation on the ball-kicking speed in soccer players. 
Therefore, the aim of this study was to determine the effect of 

moderate-dose (6 mg/kg) caffeine supplementation on vertical jump, 
sprint, reaction time, balance, agility, and ball-kicking speed in the 
same field test battery in moderately trained male soccer players. In 
addition, body hydration levels and fluid balance were analyzed to 
determine the effect of caffeine on body water homeostasis. It was 
hypothesized that (I) the ingestion of moderate-dose of caffeine would 
improve vertical jump, sprinting, reaction time, balance, agility, and 
ball-kicking speed and (II) not induce dehydration and 
fluid imbalances.

2 Materials and methods

2.1 Participants

Nine healthy, non-smoking, young, moderately trained (19), 
male soccer players participated in this study (age 21.11 ± 2.02 years, 
height 171.22 ± 6.14 cm, weight 71.78 ± 10.02, habitual consumption 
of caffeine 188 ± 83 mg d−1; mean ± SD, Table 1). The required sample 
size was estimated using G*Power software (Heinrich-Heine-
University Düsseldorf, version 3.1.m9.2, Düsseldorf, Germany). A 
sample size of eight participants was determined sufficient (effect 
size: 0.50, confidence interval: 1-β 0.95, error: α 0.05, actual power: 
0.96). Based on Acar et al. (20) and discussion between the authors, 
we set the effect size at 0.5. All participants had 9.89 ± 2.57 years of 
competitive soccer experience at club standard and at least 3 years of 
experience playing in regional and university-level leagues. 
Participants completed at least five weekly soccer training sessions 
(7.5 h a week). All participants declared that they had not used any 
ergogenic aids that might alter body hydration levels and exercise 
performance within 3 months from the start of the study. All 
participants were informed of the experimental procedures before 
giving their written informed consent.

2.2 Experimental design

On the first visit, a habitual caffeine consumption questionnaire 
was given to the participants in addition to their anthropometric and 
body composition assessments. Body mass was obtained in kg with a 
bioelectric impedance analysis device (BIA, Inbody 120, InBody Co., 
Ltd. Seoul, Korea), and height was obtained in cm with a portable 
stadiometer (Seca 213, Hamburg, Germany). Habitual caffeine intake 
was determined through a validated questionnaire (21). Only 
participants with a daily caffeine intake of less than 250 mg d−1 were 
included to control individual differences in responsiveness to caffeine 

TABLE 1 Descriptive information of subjects (n  =  9).

Variables X SD

Age (yr) 21,11 2,02

Height (cm) 171,2 6,14

Weight (kg) 71,78 10

BMI (kg/m2) 24,37 1,9

Training age (yr) 9,89 2,57

Habitual consumption of 

caffeine (mg/day−1)

188 83
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from habituation. In addition, participants were selected based on the 
following inclusion criteria: (1) were aged between 18 and 25 years; (2) 
had actively participated in soccer training for at least 3 years, with a 
minimum of three times/week for the last 3 three months; (3) were 
non-smokers. On the first visit, participants also performed the testing 
protocol for familiarization at a low intensity that would not make 
them exert vigorous effort. Following completion of this initial 
familiarization, participants were assigned to ingest either caffeine or 
a placebo in a double-blind, cross-over, randomized counterbalanced 
design. The participants were randomly assigned to the two conditions 
using the Research Randomizer software (www.randomizer.org; 
accessed on 10 June 2022). Participants consumed 6 mg/kg of caffeine 
(Nature’s Supreme, Istanbul, Turkey) or placebo supplements (wheat 
bran) in capsules (same color and form, made up of gelatin hard form) 
60 min before the testing protocol (5). A researcher, who had no 
further involvement in this research, prepared the caffeine dose using 
electronic laboratory scales with one milligram of sensitivity at room 
temperature. There were at least 48 h between sessions to ensure that 
the caffeine had washout and to allow participants to complete 
recovery. Participants were asked to record their diet 24 h before the 
first test session and replicate it 24 h before the second test session. For 
24 h before and for each of the testing sessions, participants were asked 
to refrain from ingestion of caffeine, ergogenic aids (e.g., nitrate, 
sodium bicarbonate), alcohol, and anti-inflammatory drugs; not to 
engage in strenuous physical activity; and to be  strict with their 
nutrition and rest. Regarding the rhythm (22), the tests and 
measurements were applied to the participants at the same time of the 
day (between 1–3 pm), under similar environmental conditions 
(ambient temperature 22.00 ± 1.41°C, humidity 62.00 ± 4.24%, 
pressure 1018.00 ± 1.41 mbar; mean ± SD) in the Sinop University 
indoor sports hall and performance laboratory. Participants were 
instructed to wear the same clothing and footwear for all the testing 
sessions. In the second and third sessions, participants’ hydration 
levels were analyzed just before placebo or caffeine ingestion and 
immediately after tests. Participants completed a 15 min standardized 
warm-up. Ad libitum water consumption (similar amounts) was 
allowed in both trials. The testing protocol in each experimental 
session consisted of balance, vertical jump, reaction time, change-of-
direction via the Illinois Agility Test, 30 m sprint, and the ball-kicking 
speed tests, respectively. Vertical jump, reaction time, change of 
direction, 30 m sprint, and ball-kicking speed tests were performed in 
the indoor sports hall while balance, hydration levels, and RPE tests 
were conducted in the performance laboratory. These performance 
tests were employed because they were the same as soccer players’ 
moves in training and competitions. A 3 min passive rest period was 
given between the performance tests (except the vertical jump test) to 
facilitate recovery (23) and participants were allowed two trials with 
the best score used for subsequent analysis (24). In addition, the Borg 
CR10 scale with a range of 0–10 was used to measure the rate of 
perceived exertion (RPE) at the end of the tests (25). A schematic 
diagram of the experimental protocol is displayed in Figure 1.

2.3 Anthropometric and body composition 
assessments

Body mass was obtained in kg with a bioelectric impedance 
analysis device (BIA, Inbody 120, InBody Co., Ltd. Seoul, Korea), and 

stature was obtained in cm with a portable stadiometer (Seca 213, 
Hamburg, Germany).

2.4 Balance test

A portable dynamic balance device (Togu Challenge Disc 2.0, 
Prien am Chiemsee, Rosenheim, Germany) was utilized to assess the 
balance of the participants. The platform was free to move in all 
directions (up to a maximum of 12°) and thus provided an unstable 
ground. The challenge disc recorded the athlete’s movements with 
three-dimensional motion sensors and sent the data in real time to its 
software on the smartphone or tablet via Bluetooth. Stability index 
ranges were categorized into 1 to 5 (1—very good, 2—good, 3—
normal, 4—weak, 5—very weak), and a lower score (p) indicated a 
better balance. Initially, the researcher showed the application on the 
tablet to the athlete at eye level, and the athlete stood barefoot on the 
platform to eliminate the possible effects of different types of shoes on 
the results. Later, the athletes were instructed to stand in the middle 
of the disc and keep their balance for 20 s (after 10 s of preparation, 5 s 
of which is a countdown) with their arms free to swing. During the 
test, participants were told to keep the point in the circle as central and 
stable as possible. The platform provided a safe measurement for 
athletes with its non-slip surface. The test was performed two times 
with a 3 minute passive rest, and the best score was used as the 
dynamic balance test score (26).

2.5 Reaction time test

Participants’ reaction times were determined using the Light 
Trainer (Reaction Development and Exercise System, Istanbul, 
Turkey). The reaction time test course consisted of four light modules 
(stuck to the top of 30 cm height traffic training cones) lined up side 
by side at a distance of 1 m. The test course was designed depending 
on the facility conditions (indoor sports hall) and the physical 
characteristics of the experimental group (trial with different numbers 
of modules and feedback). Athletes stood 1 m from the modules in the 
middle of the course. Participants got ready for the reaction time test 
on the “ready” command. The athletes deactivated the light modules, 
which were lit on the right or left side, with precise movements, 
touching with their dominant hand to the top of the module. The test 
started with activating the first light automatically and ended with the 
athletes’ “deactivating” the last light. Athletes were asked to deactivate 
30 light modules in total. The test was repeated if the participants hit 
the modules, dropped them, or deformed the test course. The test was 
performed two times with a 3 minute passive rest, and the best score 
was used as the reaction time test score (27).

2.6 Vertical jump and anaerobic power test

A digital vertical jump device (Takei 5,406 Jump-MD Vertical 
Jumpmeter, Tokyo, Japan) was used to measure the vertical jump 
scores of the participants. Firstly, the rubber vertical jump plate was 
placed on a flat surface. In order to eliminate the possible effects of 
different types of shoes on the results, the participants were instructed 
to take off their shoes and stand “ready” with bare feet centered on the 
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plate (10–20 cm from each other). Afterward, the researcher (the same 
person fastened the digital belt in all trials for test reliability) zeroed 
the digital belt, wound it tightly around to the waist of the participants, 
and turned the pulley gently in the direction of the arrow to take the 
slack out of the rope. Once the athletes were ready, they quickly moved 
from the upright standing position to a position of 90° flexion of the 
knees with freely swinging arms and jumped for the maximum height. 
The test was repeated if participants jumped by stepping forward, the 
measuring tape was loose, or they did not land on the rubber plate 
after jumping. Each player performed two trials interspersed with 
1 min rest between each vertical jump, and the best (highest) jump was 
recorded in cm with an accuracy of ±1 (28). Participants’ anaerobic 
power calculations were executed using the Lewis formula: anaerobic 
power (W) = {√4.9 [body weight (kg)] √vertical jump (m)} (29).

2.7 Illinois agility test

The COD was assessed with the Illinois Agility Test by using a 
photocell (Seven, SE-165 Photocell Stopwatch, Istanbul, Turkey). The 
agility course is an area of 10 m long and 5 m wide, formed by four 
30 cm height traffic training cones lined up in a straight line at 3.3 m 
intervals from each other in the middle. The test consists of a 40 m 
straight, and a 20 m slalom run with 180° turns every 10 m. The 
photocell timing gates were placed at the start and finish lines at a 
height of approximately 1 m. When they were ready, athletes started 
the test 30 cm behind the starting point. The participants were asked 
to run at maximal speed. The test was repeated two times with a 
3 minute passive rest between each trial, and the best value was 
recorded as the Illinois Agility Test time (30).

2.8 30 M sprint test

The linear sprint times of the soccer players were determined with 
the 30 meter sprint test by using a photocell (±0.01 s precision) device 
(Seven, SE-165 Photocell Stopwatch, Istanbul, Turkey) in the indoor 
sports hall. When participants were ready, they started the sprint from 
a line one meter behind the starting gate with a standing start position. 

Participants were asked to run at maximum speed and performed the 
test twice with a 3 minute rest between trials. Test results were 
recorded in seconds and milliseconds, and the best values were used 
as 30 m sprint test time (27).

2.9 Ball-kicking speed test

The ball-kicking speed was determined 11 meters (penalty mark) 
from the goal using a radar gun device (Bushnell Velocity Speed Gun, 
Overland Park, Kansas, United States), which can measure speed in 
the range of 16–177 km/h with a sensitivity of ±2 km/h. Initially, the 
dominant legs of the participants were recorded (subjectively 
determined); thus, maximal speed was ensured. Then, participants 
shot the ball with the instep kick technique. Kicks were performed 
with a ball (size 5 soccer ball for 12 years and older) in compliance 
with FIFA standards. The researcher (the same person aimed the radar 
gun in all trials for test reliability) measured the ball-kicking speed 
behind the goal, directly opposite the penalty spot where the soccer 
player kicked the ball. Participants were told to kick for accuracy 
(hitting the target) while attaining the maximum ball-kicking speed. 
Each player was given two trials to get the best score, and the results 
were recorded in km/h (31).

2.10 Supplementation protocol

Participants consumed 6 mg/kg of caffeine (Nature’s Supreme, 
Istanbul, Turkey) or placebo supplements (wheat bran) in capsules 
(same color and form, made up of gelatin hard form) 60 min before 
the testing protocol (6). A researcher, who had no further involvement 
in this research, prepared the caffeine dose using electronic laboratory 
scales with one milligram of sensitivity at room temperature.

2.11 Hydration analysis

The portable hydration test device (MX3 Diagnostics LAB Pro, 
Melbourne, Australia) was used to assess participants’ body hydration 

FIGURE 1

Schematic diagram of the experimental design.
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levels (32). The device was convenient and easy to use for outdoor 
measurements and analyzed the hydration level from the saliva taken 
directly from the tongue with a hydration test strip. The saliva sample 
was taken from the tongue under the sterilization rules. The saliva 
sample was collected and analyzed with a hydration test strip attached 
to the device without waiting or undergoing any other procedure. The 
values and their assigned hydration status follow as ≤65 = Hydrated, 
65–100 = Mildly Dehydrated, 101–150 = Moderately Dehydrated, 
>150 = Severely Dehydrated.

2.12 Statistical analysis

Data were checked for normality by using the Shapiro–Wilk test. 
Comparison between groups was analyzed with the paired sample 
t-test to test for differences between the caffeine and placebo 
supplement in the vertical jump, sprint, reaction time, balance, agility, 
and ball-kicking speed performances. Cohen’s d was utilized in the 
calculation of effect size (large d > 0.8, moderate d = 0.8 to 0.5, small 
d = 0.5 to 0.2, and trivial d < 0.2) (33). Statistical significance was 
accepted as p < 0.05, and all data were analyzed using SPSS 27.0 (IBM 
Corp., Armonk, NY) and are presented as mean ± SD.

3 Results

Vertical jump height (p = 0.001, d = 0.83, Table  2) and power 
(p = 0.008, d = 0.45, Table 2) were significantly increased after caffeine 
compared to placebo supplementation. The Illinois Agility Test 
completion time was significantly faster after caffeine compared to 
placebo supplementation (p = 0.008, d = 1.20, Table 2). There was no 
difference in the 30 m sprint (caffeine: 4.39 ± 0.14 vs. placebo: 
4.42 ± 0.20 s, p = 0.426, d = 0.17), balance (caffeine: 2.75 ± 0.48 vs. 
placebo: 2.60 ± 0.76 s, p = 0.624, d = 0.23) and ball-kicking speed values 
(caffeine: 93.87 ± 6.87 vs. placebo: 91.37 ± 5.13 km/h, p = 0.193, 
d = 0.41) between supplementations (Table 2). RPE values were also 
similar between caffeine (2.89 ± 0.33 AU) and placebo (2.56 ± 0.72 AU) 
supplementations (p = 0.195, d = 0.58) (Figure 2).

Regarding reaction time performance parameters, there was a 
significantly faster elapsed time (p = 0.001, d = 1.27, Table 3), average 
reaction time (p = 0.001, d = 1.37, Table 3), and the slowest reaction 
time (p = 0.016, d = 1.52, Table 3) after caffeine compared to placebo 
supplementation. However, there was no significant difference in 
the fastest reaction time (caffeine: 0.71 ± 0.08 vs. placebo: 
0.74 ± 0.08 s, p = 0.238, d = 0.37) and in the last reaction time 
(caffeine: 0.95 ± 0.27 vs. placebo: 1.13 ± 0.30 s, p = 0.097, d = 0.63) 
between supplementations.

Fluid balance was within normal ranges in both groups, and there 
was no major effect on hydration levels between pre-and post-exercise 
conditions (placebo: 53.22 ± 16.57 mOsm/L vs. placebo: 
54.78 ± 16.64 mOsm/L, p = 0.863, d = 0.09) (caffeine: 54.44 ± 20.92 mOsm/L 
vs. caffeine: 57.33 ± 20.79 mOsm/L, p = 0.715, d = 0.13) (Table 4).

4 Discussion

The aim of this study was to determine the effect of moderate-
dose caffeine supplementation on vertical jump, sprint, reaction time, 

balance, agility, and ball-kicking speed in the same field test battery in 
moderately trained male soccer players. To the best of our knowledge, 
the current study is the first to analyze the effect of acute caffeine 
intake on ball-kicking speed, balance, sprint, agility, vertical jump, 
reaction time, and hydration status in the same test setting in male 
soccer players. The main finding was that the ingestion of 6 mg/kg of 
caffeine significantly enhanced vertical jump, agility, and reaction 
performance. However, no significant differences between placebo 
and caffeine were detected in hydration status, ball-kicking speed, 
balance, sprint performance, and rating of perceived exertion values. 
These findings are partly in line with our experimental hypothesis and 
support a moderate dose of caffeine supplementation as an ergogenic 
aid to enhance anaerobic performance, including vertical jump height, 
COD speed, and reaction time for male soccer players.

The current study ascertained that 6 mg/kg of caffeine increased 
vertical jump and change of direction performance, which is parallel to 
previous studies (9, 34, 35) and is in contrast to the other in which the 
participants were recreationally active young males who were not 
habituated to caffeine (36). This lack of significant difference in the 
abovementioned study may have resulted from the participants’ status as 
non-responders to caffeine. However, a performance improvement was 
seen with the caffeine for 47% of the participants during the 20-yard 
shuttle. Our findings significantly extend the observations of those 
previous studies and support the ergogenic potential of caffeine 
supplementation on vertical jump and change of direction performance. 
The positive effect on jumping performance might be related to increased 
motor unit recruitment (37) and muscle activation (38). Accordingly, 
caffeine improves performance through two primary mechanisms: 
antagonism of adenosine receptors (A1, A2A) in the central nervous 
system, which leads to increases in neurotransmitter release and 
potentiation of Na++/K++ pump activity in skeletal muscle, which may 
lead to an increase in excitation-contraction coupling (6). This 
mechanism of caffeine may also have enhanced jumping performance. 
In the study of futsal players, López-Samanes et al. (18) examined the 
effects of acute caffeine on physical performance. In light of the data 
obtained, the researchers suggested that acute caffeine supplementation 
significantly improved vertical jump performance. Nevertheless, 
although the researchers also found an increase in ball velocity, they did 
not find any significance. Ranchordas et al. (39) examined the effects of 
caffeinated gum on vertical jump, sprint, and recovery levels in soccer 
players, and they noted that 200 mg of caffeine slightly improved physical 
performance tests such as jumping and recovery. In line with these 
results, acute caffeine ingestion of 5 mg/kg 60 min before exercise was 
found to increase jump height in professional soccer players (12). 
Notably, the researchers found that a caffeine dose of 3 mg/kg improved 
performance in the majority of the post-exercise tests (10). These results, 
along with our findings, support the ergogenic effect of acute caffeine 
supplementation on jumping performance as it was well established in 
previous studies (40–42). This effect of caffeine on jumping performance 
could be  attributed to the improvements in force production after 
caffeine ingestion (6). Evidently, caffeine ingestion has been well-
documented to enhance peak power and mean power and reduce the 
time needed to reach peak power in the Wingate test (43). Also, it has 
been reported that caffeine decreases contraction time and maximal 
displacement values, which indicates an increase in muscle contraction 
performance. More importantly, this study was carried out using 
tensiomyography, in which an electrical pulse induces muscle 
contraction independent of the CNS. So, it could be  considered 
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compelling evidence of caffeine’s direct effect on neuromuscular 
stimulation (44). The improvement in COD time in the present study 
might be attributed to the “blocking adenosine” mechanism, which 
increases neurotransmission (45) and motor unit recruitment (46). This 
change can be  elucidated by the fact that caffeine intake increases 
Ca + and thus improves mobility by facilitating muscle contraction and 
nerve conduction (47). Similarly, in their study with rugby players, 
Ranchordas et al. (48) investigated the effects of caffeinated gum on CMJ, 
Illinois Agility, 6 × 30 m repeated sprint, and Yo-Yo IR2 test performances. 
Research results indicated that caffeinated gum augmented performance 
in the Yo-Yo IR2 and the CMJ tests and decreased the fatigue index 
during repeated sprints. Furthermore, Karayigit et al. (49) reported that 
low (3 mg/kg) and moderate (6 mg/kg) doses of caffeinated coffee 
improved repeated sprint performance with increasing epinephrine 
norepinephrine concentrations in female team sport athletes. In contrast, 
it was determined that 6 mg/kg acute caffeine consumption did not affect 
agility and anaerobic power (50). Lastly, it has already been known that 
chronic exposure to caffeine may result in physiological modifications 
that lead to tolerance and reduce the ergogenic effects of acute caffeine 
on high-intensity exercise (16). Because the habitual caffeine intake level 
of the participants in the current study was not high (188 ± 83 mg/day), 
the tolerance phenomenon did not appear in this research.

Considering the present study’s balance and reaction time 
performance findings, it was statistically determined that caffeine 
intake decreased the reaction time, thus increasing the reaction 
performance. Caffeine has an adenosine-like molecular structure and 
binds to the adenosine receptor (AA2) in the brain, increasing the 
concentration of neurotransmitters (51). Also, caffeine is a central 
nervous system stimulant due to its capacity to block adenosine-
specific receptors, which increases the release of several 
neurotransmitters, including norepinephrine, dopamine, 
acetylcholine, and serotonin (52). Accordingly, the significant 
difference in reaction time may have concluded from motivators 
through hormonal changes. In two similar studies, Impey et al. (53, 
54) reported that caffeine consumed 60 min prior to a performance in 
soccer goalkeepers positively affected reaction time. Similarly, it was 
shown that both 3 and 6 mg/kg of acute caffeine intake enhanced 
reaction time in female team sport athletes (55). These decreases in 
reaction time could be associated with the mechanism of caffeine as 
an adenosine receptor antagonist (6), which may enhance neuronal 
excitability that leads to improvements in sport-specific reaction times 
(56). Moreover, in our study, increase in reaction performance may 
be responsible for the decrease in change of direction time via the 
same mechanism that also makes motor unit recruitment easier. 

Hence, caffeine may play a significant role in individual and team 
sports where concentration and reaction times influence match/
training performance. To the contrary, Bottoms et al. (56) showed that 
3 mg/kg caffeine intake had no effect on reaction time in athletes while 
Balko et al. (57) suggested that a larger amount of caffeine may lead to 
a decrease in visual and auditory reaction times, in turn, increasing 
reaction time performance. Interestingly, some results are inconsistent 
with our findings, most likely because the present study enrolled 
different levels of soccer players than the studies above. The 
participants in our study were amateur soccer players with various 
training modalities and experiences. Therefore, these inconsistencies 
in findings may be primarily associated with the fact that they are not 
familiar with the high demand standardized exercises like professional 
soccer players and thus have a different level of responsiveness to tests. 
Furthermore, according to previous studies, acute caffeine 
consumption may improve (58) or diminish (59) the standing balance 
ability of young adults. This discrepancy may be partially attributable 
to the variance in caffeine dosage provided, which ranges from 160 to 
400 mg. Only Kara et al. (60) gave a caffeine dosage according to body 
mass (6 mg/kg); this was the only research that found positive results. 
Given the paucity of published research evaluating the influence of 
caffeine on balance, it is difficult to contextualize these results in light 
of prior research. In addition, methodological inconsistencies and 
changes in the balancing tasks and outcome measures used may 
possibly account for the inconsistent results. There is a need for a more 
thorough and extensive evaluation of the effects of caffeine on balance 
skills, based on the small amount of data and inconsistent results.

The findings of our study indicated that 6 mg/kg caffeine 
consumption did not induce dehydration, and the athletes’ body 
hydration levels were normal. Reviews have shown that this is a 
common result, suggesting that no caffeine-induced dehydration or 
other harmful changes occur in athletes during exercise that negatively 
affects physical performance (61, 62). Furthermore, Del Coso et al. (63) 
reported that acute caffeine consumption of 6 mg/kg increased urine 
flow and sweat electrolyte excretion; however, these effects were not 
enough to affect dehydration or blood electrolyte levels when exercising 
for 120 min in a warm environment. These results, consistent with our 
study’s findings, refute the widespread belief that caffeine consumption 
is accompanied by dehydration and an increased sweat rate in the body. 
Physiologically, the effects of arginine vasopressin on water retention 
and the effects of aldosterone on sodium balance seem to be sufficient 
to tackle the effects of a mild diuretic consumed in a moderate dose 
(61). Considering RPE values, caffeine is supposed to elicit ergogenic 
effects on the CNS via the antagonism of adenosine receptors, leading 

TABLE 2 Changes in mean values of caffeine and placebo groups.

Variables Placebo Caffeine 95% CI d p

Х  ±  SD Х  ±  SD LB UB

VJ (cm) 56.33 ± 6.87 61.44 ± 5.24 −7.30 −2.92 0.83 0.001*

VJ (watt) 1183.45 ± 105.15 1241.29 ± 146.74 −95.8 −19.87 0.45 0.008*

Balance (s) 2.60 ± 0.76 2.75 ± 0.48 −0.05 0.10 0.23 0.624

30 m sprint (s) 4.42 ± 0.20 4.39 ± 0.14 −0.87 0.55 0.17 0.426

COD (s) 16.43 ± 0.42 15.97 ± 0.34 0.16 0.76 1.20 0.008*

Ball-kicking speed (km/h) 91.37 ± 5.13 93.87 ± 6.87 −6.57 1.56 0.41 0.193

*(p < 0,05); X, mean; SD, standard deviation; d, Cohen’s d effect size; VJ, vertical jump; COD, change of direction (Illionis agility test); 95% CI, confidence interval; LB, lower bound; UB, upper 
bound.

137

https://doi.org/10.3389/fnut.2024.1359999
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Mor et al. 10.3389/fnut.2024.1359999

Frontiers in Nutrition 07 frontiersin.org

to pain suppression, which may attenuate the pain and decrease the 
RPE (6). Additionally, along with its particular chemical structure, 
caffeine easily crosses the blood–brain barrier, acts on adenosine 
receptors (A1, A2), and blocks the receptors that cause pain in the body. 
This is another factor expected to be effective on RPE values in the 
present study (64). Intriguingly, we did not observe a significant impact 
of caffeine on RPE levels, indicating that other variables, such as greater 
motor neuron activation and a reduced decline in voluntary activation 
throughout the exercise, may explain caffeine’s ergogenic benefits.

The following are some of the limitations of our study. The 
blinding efficiency was not evaluated by asking individuals to identify 

which supplement (caffeine vs. placebo) they had ingested. Unknown 
is whether “caffeine expectancy” may have influenced the outcomes of 
the present investigation. Although participants were advised to repeat 
their 24 h meal before each test, macronutrient consumption was not 
evaluated. In addition, we did not collect samples for determining 
neurotransmitter concentrations at the baseline and post-exercise, and 
we did not assess the electromyographic activation of active muscles 
during performance tests, which would have offered greater insight 
into the specific processes by which caffeine boosted reaction time, 
vertical jump, and change of direction performance but not sprint, 
balance, and ball-kicking performance.

FIGURE 2

Rating of perceived exertion (RPE) (A.U).

TABLE 3 Participants’ reaction time performance parameters.

Variables Placebo Caffeine 95% CI d p

X  ±  SD Х  ±  SD LB UB

Elapsed time (s) 34.79 ± 1.71 31.92 ± 2.69 1.50 4.24 1.27 0.001*

Average reaction time (s) 1.16 ± 0.05 1.06 ± 0.09 0.06 0.14 1.37 0.001*

Fastest reaction time (s) 0.74 ± 0.08 0.71 ± 0.08 −0.04 0.41 0.37 0.238

Slowest reaction time (s) 1.96 ± 0.31 1.58 ± 0.17 −0.03 0.10 1.52 0.016*

Last reaction time (s) 1.13 ± 0.30 0.95 ± 0.27 0.10 0.65 0.63 0.097

*(p < 0.05); X, mean; SD, standard deviation; d, Cohen’s d effect size; 95% CI, confidence interval; LB, lower bound; UB, upper bound.

TABLE 4 Hydration levels in both groups between pre- and post-exercise conditions.

Variables Pre-exercise Post-exercise 95% CI d p

Х  ±  SD (mOsm/l) Х  ±  SD (mOsm/l) LB UB

Placebo 53.22 ± 16.57 54.78 ± 16.64 −1.96 −1.15 0.09 0.863

Caffeine 54.44 ± 20.92 57.33 ± 20.79 −3.60 −2.18 0.13 0.715

*(p < 0.05); X, mean; SD, standard deviation; d, Cohen’s d effect size; 95% CI, confidence interval; LB, lower bound; UB, upper bound.
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5 Conclusion

The present study found that a 6 mg/kg caffeine intake in soccer 
players improved physical performance, such as vertical jump height, 
change of direction speed, and reaction time. Although 
non-significant, caffeine intake also improved sprint (0.67%) and ball 
kicking (2.7%) performance percentages. Moreover, it was revealed 
that caffeine did not impair body hydration levels, so body fluid 
balance was within normal clinical ranges. Accordingly, further 
studies conducted with larger sample sizes using a 24 h urine collection 
method could provide more evidence for the relationship between 
caffeine consumption and hydration. On the other hand, in our study, 
caffeine ingestion did not provide any change in balance performance 
and rating of perceived exertion. Based on these results, it is 
recommended that coaches and athletes incorporate caffeine into their 
nutritional strategies as it can improve performance. In future studies, 
the effects of different doses of caffeine on various components of 
performance, including small-sided games and ball-kicking speed in 
soccer and other disciplines, could be investigated to provide new 
insights. Ultimately, to verify these mechanisms, further studies 
should be  conducted to investigate neuromuscular responses to 
caffeine supplementation during anaerobic tasks in soccer players.
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Introduction: The review aims to summarize the markers used in diagnosing
relative energy deficiency in sport (REDs) and compare them with the REDs
CAT2 score.
Methods: A systematic search was performed in the PubMed, Web of Science,
and SPORTDiscus databases during April 2023. The descriptors used were
“athlete” AND “REDs,” along with respective entry terms. The selection process
followed the PRISMA 2020 recommendations, identifying 593 records, from
which 13 studies were ultimately selected. Seventy-nine markers were
identified and categorized into six groups: bone mineral density (BMD),
metabolic resting rate, blood biomarkers, anthropometrics, nutritional intake,
and performance parameters. The most frequently utilized biomarkers
included BMD, anthropometric parameters (e.g., body mass index, body mass,
and fat mass), and the triiodothyronine (T3) concentration.
Results: According to the REDs CAT2 pointed indicators, the biomarkers varied
among the studies, while 7 out of the 13 included studies achieved a ≥60%
agreement rate with this tool. The prevalence of low energy availability, an
etiological factor in the development of REDs, was detected in 4 out of 13
studies, with an average of 39.5%.
Conclusion: In conclusion, this review highlights the most commonly used
markers in diagnosing REDs, such as BMD, anthropometric parameters, and T3
hormone concentration. Due to the current inconsistencies, standardizing
diagnostic methodologies is crucial for future research. By focusing on widely
used markers, this review aids future research planning and result interpretation
and points out the ongoing need for methodological consistency in evolving
diagnostic tools.

Systematic Review Registration: https://www.crd.york.ac.uk/, PROSPERO
(CRD42022320007).

KEYWORDS

REDs, relative energy deficiency in sport, athletes, markers, low energy availability

Introduction

The phenomenon of energy deficiency in sports is a widespread problem among

athletes and has emerged as a new syndrome called relative energy deficiency in

sport (REDs). In cooperation with the International Olympic Committee (IOC), the

concept of REDs and its first official definition were introduced in 2014 (1). REDs is

characterized by low energy availability (LEA), causing a profound impact on

physiological functions within the organism. It includes, but is not limited to, areas
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such as abnormalities in metabolic function, menstrual cycle,

bone health, immunity, protein synthesis, and cardiovascular

health (1). The first symptoms that drew attention to possible

disturbances of the athlete’s bodily functions were menstrual

cycle abnormalities (2). Based on these observations, the

female athlete triad (FAT) was created in 1992. The first

version of FAT included amenorrhea, osteoporosis, and

disordered eating (3). During ongoing research, the definition

was updated to include (1) low energy availability with or

without disordered eating, (2) low bone mineral density

(BMD), and (3) menstrual dysfunction (4). Thus, research had

focused primarily on female athletes up to this point.

However, it became evident that low energy availability affects

many more human health and performance areas.

Furthermore, it also affects male athletes (1, 5). Therefore, as

mentioned above, the concept of REDs was developed (1).

Since 2014, studies have increasingly focused on male athletes,

but the number of studies involving female athletes is still

noticeably higher.

Although REDs has been widely accepted and respected

among the sports science community, there are still numerous

limitations in its practical application in monitoring

athletes (6, 7).

The etiological factor for REDs is LEA (1, 8); therefore, the

diagnosis needs to involve parameters related to LEA. The

common practice is to use screening questionnaire tools, which

are well applicable to the field and suited for the initial detection

of at-risk athletes in large populations (9). Nonetheless,

questionnaire tools should be cautiously evaluated due to the

frequent design of self-reported questions. It is recommended

that questionnaires be used along with objective, practical

measurements to provide a more in-depth assessment (10).

However, one of the biggest challenges is the unification of the

diagnostic methods for REDs (11) and the different

methodologies used in studies, which can lead to challenges in

assessing and evaluating the research findings (10, 12).

Significant progress in this area has been enabled by the latest

2023 IOC Consensus statement and the associated IOC REDs

Clinical Assessment Tool-Version 2 (IOC REDs CAT2) (13, 14).

This tool has undergone internal expert voting statement

validation and external validation through cross-agreement

among REDs experts in clinical settings, enabling the

identification of a more refined set of markers suitable for

diagnosing REDs (14).

Further challenges within the REDs field also involve

identifying markers suitable for diagnosis, determining their

cutoff values, and fostering more effective collaboration

among experts. Despite the great importance of the IOC 2023

Consensus statement (13) and the IOC REDs CAT2 (14),

their integration into the diagnostic process and

research may require time. Therefore, it is still relevant to

highlight the methodological inconsistencies present in

current studies.

A comprehensive summary of the markers used to assess REDs

in the existing literature is not yet available. Such a review,

combined with insights from the REDs CAT2 tool, could assist
Frontiers in Sports and Active Living 02143
in selecting a more specific set of markers to increase consistency

across studies and facilitate the interpretation and comparison of

results. Therefore, this review aims to bridge this gap by

providing an overview of practical measurement methods, the

frequency of their use in the included studies, and a comparison

with the REDs CAT2 tool.
Materials and methods

A systematic review was performed under the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) guidelines, updated in 2020 (15), to answer the

research question. The review was registered at PROSPERO with

number CRD42022320007.
Eligibility criteria and search strategy

Studies were eligible for inclusion if they met the following criteria:

participants: athletes of both sexes, all disciplines, and advanced or elite

level; outcomes: evaluation of the type, variety, number, and frequency

of individual markers used in REDs diagnosis, as well as compliance

with the IOC recommendation. Studies were ineligible if the

outcomes of interest were not measured or the results were not

described. Literature reviews, guidelines, letters to the editor,

conference abstracts, dissertation thesis, and non-English language

articles were also excluded. Considering that REDs was officially

defined in 2014, the search was performed with a data range from

March 2014 to. The search was conducted on Medline (via

PubMed), Web of Science, and SPORTDiscus (via EBSCOhost) in

April 2023. The search terms followed the descriptors from

categories #1 and #2 related to “athlete” AND “relative energy

deficiency” using the entry terms and derivative words (available in

the Table 1).
Selection process and data extraction

The articles were imported into Rayyan systematic review software

to proceed with the selection process. This process was performed as

follows: (1) a researcher (KD) uploaded the articles from each

database and then (2) excluded the review articles, letters to the

editor, duplicates, and articles in non-English languages (identified

by the software); (3) two independent researchers (DP and AW)

screened the articles’ titles and abstracts, and a third checked those

excluded (KD); and (4) finally, two independent researchers (KD and

AW) screened the full text of the articles for final inclusion. Any

disagreements between reviewers were resolved by a third reviewer

(AP). A prior pilot selection, with the first 25 articles, was performed

to test the researchers’ understanding, demonstrating an agreement

of 88% between the two reviewers (DP and AW).

Data related to the sample characteristics (e.g., sex, sport

modality, age, and size), the presence of REDs, biomarkers used

in REDs diagnosis [e.g., hormones, resting metabolic rate, bone

mineral density, blood glucose, body mass index (BMI), and
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TABLE 1 Characteristics of the included studies and categories of used markers (n = 13 studies).

Sample characteristics BMD RMR Blood
biomarkers

Anthropometrics
parameters

Nutritional
intake

Performance

Study Sex sport modality sample
size/age

Control group ✓ ✓ ✓ ✓ ✓

Hooper
et al. (16)

NCAA Division 1 female
distance runners
N = 7/22.3 ± 1.5 years

— — — ✓ ✓ ✓ ✓

Õnnik
et al. (17)

High-level male and female
N = 30/28.0 ± 3.75 years and
N = 26/28.6 ± 6.34 years

Male and female control groups
N = 29/24.1 ± 3.83 years and
N = 29/24.97 ± 5.74 years

✓ ✓ ✓ ✓ ✓ ✓

Torstveit
et al. (18)

Well-trained male endurance
athletes
N = 53/35.3 ± 8.3 years

— — ✓ ✓ — ✓ ✓

Keay et al.
(19)

Competitive male road
cyclists
N = 45/36.2 ± 14.3 years

— ✓ ✓ ✓ ✓ ✓ ✓

Stenqvist
et al. (20)

Well-trained male cyclists
N = 20/33.3 ± 6.7 years

— ✓ — ✓ ✓a — ✓

Keay et al.
(21)

Competitive male road
cyclists N = 50/35.0 ± 14.2

— ✓a ✓ ✓ ✓ — ✓

Stenqvist
et al. (22)

Olympic-level male athletes
N = 44/24.7 ± 3.8 years

– ✓ ✓ – ✓ ✓ ✓

Mathisen
et al. (23)

Female fitness athletes
N = 25/28.1± 5.5 years

Female references
N = 26/29.8± 6 years

✓ ✓ ✓ ✓ ✓ ✓

Civil et al.
(24)

Royal Conservatoire of
Scotland female ballerinas
N = 20/18.1 ± 1.1 years

— ✓ ✓ ✓ ✓ ✓ ✓

Lee et al.
(25)

Male Korean collegiate soccer
players N = 10/9.1 ± 0.6 years

— ✓ — ✓a ✓ ✓ —

Pritchett
et al. (26)

National-level para-athletes:
males and females
N = 9/27 ± 8 years and
N = 9/27 ± 7 years

— ✓ — ✓ ✓ ✓ —

Gibson-
Smith
et al. (27)

Elite climbers: males and
females
N = 20/29.1 ± 5.4 and
N = 20/31.4 ± 7.7 years

— — ✓ ✓ ✓ ✓ ✓

Kalpana
et al. (28)

National-level male Kho-Kho
players
N = 52/16–31 years

— ✓ — — — — —

BMD, bone mineral density; T3, triiodothyronine; BMI, body mass index; BM, body mass; FM, fat mass; RMR, resting metabolic rate; EA, energy availability; EI, energy intake;

FFM, fat-free mass; IGF-1, insulin-like growth factor 1; EEE, exercise energy expenditure; FTP, functional threshold power; GH, growth hormone, ALP, alkaline phosphatase;

LBM, lean body mass; TEE, total energy expenditure; NEAT, non-exercise activity thermogenesis; DIT, dietary induced thermogenesis; TSH, thyroid-stimulating hormone;

SHBG, sex hormone-binding globulin; FSH, follicle-stimulating hormone; LH, luteinizing hormone; WBC, white blood cell; RBC, red blood cell; SGOT, serum glutamic

oxaloacetic transaminase; SGPT, serum glutamate pyruvate transaminase; LDL, low density lipoprotein; WHR, waist-to-hip ratio; VAT, visceral adipose tissue; AEE,

activity energy expenditure; PR, personal record; IAFF score, International Association of Athletics Federations score.
aThese markers were evaluated via comparing groups with low vs. adequate energy availability. However, these conditions were only assessed using the questionnaire

tools; therefore, these conclusions should be taken with caution.
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cholesterol], and any potentially relevant outcomes were extracted

from included studies by two researchers (KD and AW).
Methodological quality

The assessment of methodological quality for the articles with a

descriptive approach was performed using the STROBE tool (29)

and for those with an intervention approach was performed by

ROBINS-I (30). Three researchers participated in this phase (KD,

AW, and AP). The STROBE checklist assesses the quality of

cohort, case–control, and cross-sectional studies. It contains 22

items assessing risk factors for bias. Response options are a score

of 0 if the articular checklist item is not fulfilled, 1 if the
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articular checklist item is fulfilled, and NA if the checklist item

does not apply to the specific publication. Based on the sum of

the total score and the percentage gain of the possible maximum,

the quality of the study is then evaluated as follows: ≥85 =
excellent, 70 to <85 = good, 50 to <70 = fair, and <50 = poor, as

used previously. The ROBINS-I rating system is based on seven

domains, each consisting of a subset of questions focusing on

possible areas of systematic error. The domains include

confounding, participants, classification of interventions,

deviations from intended interventions, missing data,

measurement of outcomes, and selection of the reported results.

In this review, we used only domains 2–7 for evaluation; more

details on this process are provided in the Discussion section.

The response options are “Yes,” “Probably yes,” “Probably no,”
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“No,” and “No information.” Based on the continuous responses,

each domain is then evaluated as a whole, and the rating of all

the domains is reflected in the labeling of the study as “Low

risk,” “Moderate risk,” “Serious risk,” and “Critical risk” of bias.
REDs CAT2 agreement

The biomarkers used in the included studies were compared

with the IOC REDs CAT2 (14), an improved version derived

from the original IOC REDs Clinical Assessment Tool (CAT)

introduced in 2015 (31). The development of the IOC REDs

CAT2 involved internal validation through expert voting

statements and external validation via clinical cross-agreement

assessments by experts. The assessment protocol of IOC REDs

CAT2 comprises three sequential steps:

I. Initial screening using population-specific REDs questionnaires

or clinical interviews, with individuals deemed at risk moving on.

II. Assessment of various REDs signs/symptoms to uniform the

Severity/Risk Assessment Tool and Stratification, with

guidelines for sports participation; data obtained from these

steps serve as the basis.

III. Physician-led final clinical diagnosis/stratification and

associated implementation of a treatment plan, ideally

involving a collaboration of a multidisciplinary health team

and REDs performance (14).

Based on the scoring outcomes of primary and secondary indicators,

the risk is categorized into four-color traffic-light severity/

risk classifications, ranging from “none” to “very low,” “mild,”

“moderate to high,” to “very high/extreme.” Recommendations

concerning the monitoring of athletes, participation in training

and competitions, and medical interventions complement these

classifications. In addition, REDs CAT2 incorporates a set of

potential indicators deemed emerging (14).

In the review process, markers identified in the included studies

were compared to those outlined in the REDs CAT2. Given the

focus on objective measurement methods, subjective markers

obtained through interviews or questionnaires were omitted from

this comparison. Subsequently, reviewer KD computed agreement

rates between each study and the REDs CAT2 tool for scored,

potential, and overall indicators. A second independent reviewer

(AW) checked this process to ensure reliability.
Results

Study characteristics and methodological
quality

In total, 595 articles were found in the databases matching the

combination of keywords entered. After excluding articles that

were duplicates (n = 96) and for other reasons, such as those

written in a foreign language (non-English) (n = 10) and with no

access (n = 1), 488 articles were evaluated during the title and

abstract screening. Of these articles, 155 were excluded through
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the review method, and 463 did not meet the eligibility criteria.

For 25 articles, the full text was assessed; of these, 12 studies

were excluded due to non-compatibility. Therefore, 13 studies

were included in the final process (Figure 1).

The main characteristics and the categories of the REDs

markers used in the included studies (bone mineral density,

resting metabolic rate, blood markers, anthropometric parameters,

nutritional intake, and performance) are presented in Table 1.

Most of these studies focus on female athletes (7 out of 13); the

most investigated disciplines were endurance sports, team sports,

ballet, climbing, or a mix of disciplines or para-athletics

disciplines. Athletes competed at the performance levels of well-

trained, competitive, elite, national, and Olympic levels. Two

studies also included a control group.

Among the 13 papers, 12 presented a descriptive study

design and 1 presented an intervention design. For the

descriptive ones, the methodological quality, assessed by the

STROBE tool, demonstrated a range from good to excellent

quality. Specifically, six studies were rated as excellent

(17, 18, 20, 23–25) and six were rated as good (16, 21, 22,

26–28) (see the Table 2). One paper was designed as an

intervention and demonstrated a moderated risk of bias based

on the ROBINS-I tool.
Overview of biomarkers used in REDs
diagnosis and the frequency of their use

We found 79 biomarkers used to determine the presence of

REDs in the 13 included studies. Table 2 presents the complexity

and diversity of the biomarkers used within the included studies.

The biomarkers were categorized into five groups (bone mineral

density biomarkers, resting metabolic rate biomarkers, blood

biomarkers, anthropometric parameters, nutritional intake

parameters, and performance parameters). All 13 studies used at

least two (or more) categories of markers to determine the

presence of REDs.

Table 3 presents the quantification of biomarkers used to assess

REDs and complements Table 2. It shows a comprehensive

overview of the frequency of their use in the included studies.

The biomarkers most often used were BMD, BMI, BM (body

mass), FM (fat mass), and T3 (triiodothyronine) blood

concentrations, which were involved in 10 of the 13 studies

(76.9%). Nine studies (69.2%) used the measurement of RMR

(resting metabolic rate), while 8 studies (61.5%) used total

testosterone level and EI (energy intake). Seven studies (53.9%)

used nutritional parameters such as carbohydrate, protein, and

fat intake EA (energy availability) was used in six studies (46.2%).
Discussion

This review systematically compiles a list of methods utilized in

diagnosing REDs. Our analysis of included studies revealed that the

most frequently used biomarkers in current studies are BMD, BMI,
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FIGURE 1

Flowchart diagram of the study selection process (PRISMA 2020) (15).

Dvořáková et al. 10.3389/fspor.2024.1375740
BM, FM, and blood T3 concentration, included in 10 out of 13

studies (76.9%).

While the 2023 IOC Consensus statement marked a significant

milestone in selecting appropriate diagnostic markers for REDs, the
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authors emphasized the necessity for ongoing updates and

revisions. This included refining the range of recognized sequelae

associated with REDs and reassessing the markers themselves.

Thus, a critical examination of the strengths and limitations of
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TABLE 2 Overview of biomarkers used in REDs diagnosis and main outcomes (n = 13).

REDs markers

Study BMD RMR Blood biomarkers Anthropometric
parameters

Nutritional intake Performance

Hooper
et al. (16)

— ↔ (pre-XC vs.
post-XC)
↔ RMR ratio
(any time point)
↑ (post-XC vs.
pre-track)
↑ (pre-XC vs.
pre-track)

T3 ↔ (any time point)
Ferritin ↓ (pre-XC vs.
post-XC)
Ferritin ↑ (post-XC vs.
pre-track)
Vitamin D ↓ (pre-XC vs.
post-XC)
Vitamin D ↑ (post-XC vs.
pre-track)

BMI ↔ (pre-XC vs. post-
XC)
BM ↔ (pre-XC vs. post-
XC)
BM ↑ (post-XC vs. pre-
track)
FFM ↔ (pre-XC vs. post-
XC)
FM ↔ (pre-XC vs. post-
XC)

EA ↓ (vs. ACSM
recommendations)

Performance relative to
the PR ↔

Õnnik
et al. (17)

LS-BMD ↔ (males,
females)

RF-BMD ↔ (males,
females)

TB-BMD ↔ (males,
females)

— LH ↔ FSH ↔prolactin ↔
testosterone ↔free T4 ↔
TSH ↔ T3 ↔GH ↔ IGF-1
↔insulin ↓ (females)
cortisol ↑ (males) WBC ↔
RBC ↓ (males) hemoglobin
↔ hematocrit ↓ (males)
hematocrit ↔ (females)
neutrophils ↔ (males)
neutrophils ↑ (females)
lymphocytes ↔ (males)
lymphocytes ↓ (females)
estradiol ↓ (males) estradiol
↔ (females) eosinophils
↔ basophils ↔

BMI males ↓ (vs. control)
BMI females↓ (vs. control)
BM females ↓ (vs. control)
BM males ↓ (vs. control)

EI ↔ (males, females) relative
EI (per kg body weight) ↑
(females) protein intake +
relative value ↔ fat intake +
relative value ↔ (males,
females) carbohydrate intake +
relative value ↔ (males)
carbohydrate intake + relative
value ↑ (females) dietary fiber
intake ↔ dietary fiber intake
relative value ↔ (males) dietary
fiber intake relative value (per
kg body weight) ↑ (females)
sodium intake + relative value
↔ calcium intake ↑ calcium
intake relative value ↔ (males)
calcium intake relative value ↑
potassium intake ↔ potassium
intake relative value ↑

VO2 max ↔ (measured
only in athletes)
IAFF score↔ (points)
(measured only in
athletes)

Torstveit
et al. (18)

— RMR ↔ RMR
ratio ↔ low
RMR ratio ↔

Cortisol ↑ (group high
EXDS score vs. group low)
Cortisol highest quartile of
range ↑ (group high EXDS
score vs. group low) high
cortisol (number of
subjects) ↔ testosterone ↔
T3 ↔ IGF-1 ↔ insulin ↔
glucose ↔ testosterone:
cortisol ratio ↔ cortisol:
insulin ratio ↔

BMI ↔ BM ↔ FFM ↔ FM
↔ sleeping heart rate ↔

EEE (kcal/day) ↑ (group high
EXDS score vs. group low) EI
↔ carbohydrate intake ↔
protein intake ↔ fat intake ↔
fiber intake ↔ energy balance
(kcal/day) ↓ (group high EXDS
score vs. group low) EA ↔ low
EA (number of subjects with
low EA) ↔

VO2 peak ↔ Active in
sport ↔ exercise (hours/
week) ↑ (group high
EXDS score vs. group
low)

Keay et al.
(19)

↓ (Negative changes
in both areas vs.

before intervention) ↓
(negative changes in
one areas vs. before
intervention) ↑

(positive changes in
both areas vs. before

intervention) ↑
(positive changes in
one areas vs. before

intervention)

↓ (respondents
with low EA) ↓
(respondents
without skeletal
loading exercise)

Testosterone ↔
testosterone/Z-score ↔
vitamin D ↑ (educated
group vs. control group)
vitamin D/Z-score ↔ T3
↑ (educated group vs.
control group) T3/Z-score
↔ albumin ↑ (educated
group vs. control group)
albumin/Z-score ↔
calcium ↔ alkaline
phosphatase ↔ alkaline
phosphatase/Z-score ↔
corrected calcium ↔
corrected calcium/Z-score
↔

— EA ↑ (educated vs. control
group)

Points gained over the
racing season ↓ (group
with negative changes in
EA vs. before
intervention) FTP ↓
(group with negative
changes in EA vs. before
intervention) points
gained over the racing
season ↑ (group with
positive changes in EA
vs. before intervention)
FTP ↑ (group with
positive changes in EA
vs. before intervention)

Stenqvist
et al. (20)

↔ Absolute RMR ↓
relative RMR ↓
RMR ratio ↓

Total testosterone ↑ free
testosterone ↔ SHBG ↔
T3 ↓ cortisol ↑ insulin ↔
IGF-1 ↔ free testosterone:
cortisol ratio ↔ total
testosterone:cortisol
ratio ↔

BMI ↔ BM ↔ FFM ↔ FM
↔

EI ↔ carbohydrate intake ↔
relative carbohydrate intake ↔
protein intake ↔ relative
protein intake ↔ fat intake ↔
relative fat intake ↔

VO2 peak ↔ FTP (W) ↑
FTP (W/kg) ↑ aerobic
peak power output
(W) ↑ training volume
per week ↔

(Continued)
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TABLE 2 Continued

REDs markers

Study BMD RMR Blood biomarkers Anthropometric
parameters

Nutritional intake Performance

Keay et al.
(21)

↓a — Mean total testosterone ↓
(lower end of the reference
range) mean vitamin D ↓
T3 ↔ (lower half of the
reference range) albumin
↔ calcium ↔ alkaline
phosphatase ↔

BMIa ↓ FMa ↓ VAT massa

↓
— FTP (W/kg) ↔ training

load ↔

Stenqvist
et al. (22)

L1–L4 Z-score ↔
Femur Z-score ↔

RMR ratio ↓
(low vs. normal
RMR) relative
RMR ↓ (low vs.
normal RMR)

Testosterone ↔ free
testosterone ↔ T3 ↔
cortisol ↔ total cholesterol
↔ LDL cholesterol ↔

BMI ↔ BM ↔ FFM ↔
FFM index ↔ FM ↔ FM
index ↔

— Training volume per
month ↔

Mathisen
et al. (23)

↔ RMR FA ↓
(baseline vs. 2
weeks before
competition)

— FM ↓ (FA vs. FR) BMI ↔
BM ↔ LBM ↔ adult BM
difference ↔ history of ED
(self-reported) ↔ current
ED (self-reported) ↔

EI (kcal) ↑ (FA vs. FR) EI (kcal/
kg LBM) ↑ (FA vs. FR)
carbohydrate intake (g) ↑ (FA
vs. FR) carbohydrate intake (g/
kg BW) ↑ (FA vs. FR) protein
intake (g/) ↑ (FA vs. FR)
protein intake (g/kg BW) ↑ (FA
vs. FR) fat (energy %) ↑ (FA vs.
FR) dietary fiber ↔

Experience with regular
exercise ≥5 years ↔
exercising ≥5 times per
week current year ↔

Civil et al.
(24)

Total BMD ↔ Z-
score ↔

↔ Vitamin D ↔ BM ↓ (after week of
observation) BMI↔ WHR
↔ FM ↔ FFM ↔

EI ↔ DIT ↔ EA (calculated) ↔
TEE (total energy expenditure)
↑ energy balance ↓ NEAT ↑
EEE ↑ fiber intake ↑ fluid
intake ↑ fat intake ↔
carbohydrate intake ↔ protein
intake ↔

Training volume per
week (self-reported)↔

Lee et al.
(25)

BMD ↔ Z-score ↔ REE ratio ↓
REEm/FFM ↓

T3 ↔ cortisol ↔ insulin ↔
GH ↔ IGF-1 ↑ (vs. REE
ratio) testosterone ↔ leptin
↔

BM↔ BMI ↔ FM ↔ FFM
↔ sleeping energy
expenditure ↔

EI ↓ DIT ↓ EEE ↔ EPOC ↔
NEAT ↔ hourly resting energy
expenditure ↔ TEE ↔ 24 h
energy balance ↔ 24 h EA ↔
within-day energy balance
<0 kcal (h/day) ↔ within-day
energy balance <−400 kcal (h/
day) ↔ largest hourly deficit
(kcal) ↔

VO2 max ↔

Pritchett
et al. (26)

Z-score ↓ (females)
Z-score ↓ (males)

— Testosterone ↓ (males)
IGF-1a ↑ (females)
progesterone ↓ T3 ↔
estradiol ↔

— — —

Gibson-
Smith
et al. (27)

— — Serum ferritin ↓ (females)
transferrin saturation ↔
sum of 8 SF (serum
ferritin) ↑

BM ↓ BMI ↓ FM ↑ arm
girth ↓ waist girth ↓ calf
girth ↓ gluteal girth ↔

EI (kcal·kgFFM-1·day-1)
↑ (females) carbohydrate intake
↔ protein intake ↔ fat intake
↔ iron intake ↔ iron intake
density (mg/1,000 kcal) ↔

—

Kalpana
et al. (28)

Z-score ↓ bone
mineral content↔
BMD↔ T-score↔

BMR ↓ Serum calcium↔ serum
vitamin D3 ↔ serum free
T3 ↔ hemoglobin ↔
serum albumin↔ serum
creatine↔ SGOT ↔ SGPT
↔

BM ↔ FM↔ overall sleep
quality ↓ LBM ↑

EA ↓ carbohydrate intake ↓
protein intake ↓ fat intake ↓
vitamin A intake ↓ vitamin B2,
B6, B9 intake ↓ iron intake ↓
zinc intake ↓ fluid intake ↓
AEE ↑ daily energy expenditure
↑ EI ↓ daily energy expenditure/
BMR ↔

Agility ↓ speed↔

Pre-CX, athletes before cross-country season; Post-CX, athletes after cross-country season; Pre-track, athletes before track season; low RMR ratio, number of subjects

with low RMR; BMD, bone mineral density; T3, triiodothyronine; T4, thyroxine; BMI, body mass index; BM, body mass; FM, fat mass; EXDS score, exercise dependence scale

score; RMR, resting metabolic rate; EA, energy availability; EI, energy intake; FFM, fat-free mass; IGF-1, insulin-like growth factor 1; EEE, exercise energy expenditure; FTP,

functional threshold power; GH, growth hormone, ALP, alkaline phosphatase; LBM, lean body mass; TEE, total energy expenditure; NEAT, non-exercise activity

thermogenesis; DIT, dietary induced thermogenesis; TSH, thyroid-stimulating hormone; SHBG, sex hormone-binding globulin; FSH, follicle-stimulating hormone; LH,

luteinizing hormone; WBC, white blood cells; RBC, red blood cells; SGOT, serum glutamic oxaloacetic transaminase; SGPT, serum glutamate pyruvate transaminase;

LDL, low density lipoprotein; WHR, waist-to-hip ratio; VAT, visceral adipose tissue; AEE, activity energy expenditure; PR, personal record; IAFF score, international

association of athletics federations score.

Signs ↑ (increase) and ↓ (decrease) indicate a statistically significant result, and sign ↔ indicates a statistically insignificant result.
aThe markers were evaluated via comparing groups with low vs. adequate energy availability.
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TABLE 3 Frequency of markers measured among the studies.

Number
of
studies

Relative
frequency

Markers

10 76.9 BMD, T3, BMI, BM, FM

9 69.2 RMR

8 61.5 Total testosterone, EI

7 53.9 Carbohydrate intake, protein intake, fat intake

6 46.2 EA, FFM, training volume

5 38.5 Vitamin D, cortisol, IGF-1

4 30.8 Insulin, dietary fiber intake, EEE

3 23.1 Albumin, calcium, energy balance, FTP, TEE

2 15.4 Ferritin, free testosterone, estradiol, GH,
hemoglobin, ALP, LBM, iron intake, fluid
intake, NEAT, DIT, VO2max, VO2 peak

1 7.7 Free thyroxine, transferrin saturation, SHBG,
prolactin, LH, FSH, progesterone, TSH, leptin,
glucose, WBCs, RBCs, hematocrit, neutrophils,
lymphocytes, basophils, creatine, SGOT, SGPT,
total cholesterol, LDL, WHR, girth
measurement, VAT, vitamin A intake, vitamin
B2 intake, vitamin B6 intake, vitamin B9
intake, calcium intake, sodium intake,
potassium intake, zinc intake, AEE, sleeping
heart rate, overall sleep quality, sleeping energy
expenditure, points gained over the racing
season, performance relative to the PR, agility,
IAFF score, speed, aerobic peak power

BMD, bone mineral density; T3, triiodothyronine; BMI, body mass index; BM, body

mass; FM, fat mass; RMR, resting metabolic rate; EA, energy availability; EI, energy

intake; FFM, fat-free mass; IGF-1, insulin-like growth factor 1; EEE, exercise energy

expenditure; FTP, functional threshold power; GH, growth hormone, ALP, alkaline

phosphatase; LBM, lean body mass; TEE, total energy expenditure; NEAT, non-

exercise activity thermogenesis; DIT, dietary induced thermogenesis; TSH, thyroid-

stimulating hormone; SHBG, sex hormone-binding globulin; FSH, follicle-

stimulating hormone; LH, luteinizing hormone; WBCs, white blood cells; RBCs,

red blood cells; SGOT, serum glutamic oxaloacetic transaminase; SGPT, serum

glutamate pyruvate transaminase; LDL, low density lipoprotein; WHR, waist-to-hip

ratio; VAT, visceral adipose tissue; AEE, activity energy expenditure; PR, personal

record; IAFF score, international association of athletics federations score.
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these markers, alongside evaluating their ability to reflect

individuals’ health status accurately, remains imperative.
Anthropometric parameters

Anthropometric parameters, such as BMI and body

composition, are widely used in medical practice. According to

the Centers for Disease Control and Prevention’s

recommendations for general practitioners (32), BMI is a simple,

inexpensive, and non-invasive method of estimating body fat and

health risk, requiring no special equipment. However, several

studies have pointed to the inaccuracy of BMI, particularly

among patients with different ethnic backgrounds or an inability

to distinguish body weight between body fat and muscle mass

(33, 34). Thus, although this calculation can provide valuable

information in the REDs diagnostic process, as with other

markers, it cannot be evaluated in isolation (35). According to

REDs CAT2, BMI is considered a potential indicator in assessing

REDs risk, underscoring that the need for further research to

quantify the parameters and cutoffs more accurately (14).
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To accurately determine body composition, it is necessary to

use valid methods that contribute to an objective assessment of

the athlete’s overall condition. Body composition and adipose

tissue thicknesses can be accessed via skinfold measurement.

However, B-mode ultrasound is a more reliable and preferred

method, which can provide good results even in lean individuals

(36). Despite its costliness, the dual-energy x-ray absorptiometry

(DXA) measurement is also the recommended method of choice

as the gold standard for assessing body composition (37).

The authors of the IOCConsensus statement also pointed out that

too much focus on anthropometric parameters and body composition

can intensify the pressure placed on athletes, especially on adolescents

under the age of 18 years (13, 38). It is, therefore, essential to identify

valid and reliable methods and develop guidelines for interpreting,

managing, and communicating with athletes (39).
Bone health

Biomarkers assessing bone health are among the most used, as

shown by the results of this review. Impaired bone health has been

associated with low energy availability from its onset. It was also

included in the original definition of the female athlete triad

(34), from which the concept of REDs was developed (1). Low

energy availability affects bone health through reduced levels of

hormones such as estrogen, leptin, and T3 associated with

insulin-like growth factor 1 (IGF-1) secretion (40–43). In

addition, inadequate intake of essential nutrients, including

protein, calcium, or vitamin D, has been linked to the low energy

intake associated with REDs (44, 45).

DXA is the most used method for measuring bone mineral

density (46) and is also noted as a “preferred method” in the

2023 IOC Consensus statement (13). According to REDs CAT2,

the authors recommend the following as a positive finding:

• Premenopausal women and men aged <50 years: BMD Z-score <−1

at the lumbar spine, total hip, or femoral neck or decreased BMD

Z-score from previous testing.

• Children/adolescents: BMD Z-score <−1 at the lumbar spine or

total body less head or decreased BMD Z-score from the last

testing (may be due to bone loss or insufficient bone gain) (14).

Some previously published studies on energy availability have also

used markers of bone turnover derived from blood samples. The

research findings by Ihle and Loucks (47) suggest that changes

may be apparent after 3 days of LEA. The findings of the study by

Papageorgiou et al. (48) showed that 5 days of LEA below 15 kcal/

day leads to changes in bone turnover markers in women, but no

significant changes were found in men. A year later, Papageorgiou

et al. (49) conducted another study involving a group of

eumenorrheic women in whom 3-day LEA through dietary energy

restriction resulted in changes in bone formation but not bone

resorption. However, these bone turnover markers are not

established due to the number of factors that may influence them.

The time taken for the manifestation of changes might also be

significantly influenced by variables such as the severity of LEA.
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Moreover, markers reporting bone mineral density status

should continually be assessed in the context of supplementary

information, considering the specificity of each sport discipline.

For example, the bone density of weightlifters generally reaches

higher values than the reference range (50), and average values

may indicate reduced BMD in these athletes.
Resting metabolic rate

RMR was assessed in nine of the 13 included studies,

accounting for 69.2% (see Table 3). RMR represents the energy

necessary to maintain homeostasis while at rest. Unlike basal

metabolic rate, which necessitates strict conditions such as a 12-h

fasting period and a thermoneutral environment, RMR can be

measured throughout the day (51). The suppressed RMR

associated with LEA may be explained by adaptive responses

aimed at conserving energy (52).

Various methodologies are employed in studies to determine

RMR. Indirect calorimetry is often called the gold standard but

requires specialized equipment (53). Consequently, researchers

usually resort to estimating RMR using predictive equations,

such as those proposed by Cunningham (54), Harris and

Benedict (55), or Owen et al. (56). Another approach is the

RMR ratio, defined as the ratio between measured RMR and

predicted RMR. Some studies suggest that the RMR ratio serves

as a valid indicator of LEA (57, 58). However, it is advisable to

evaluate RMR in conjunction with other markers due to

variations in the degree of metabolic suppression among

athletes. These variations are influenced by factors such as the

severity of LEA (58).

The 2023 IOC Consensus statement recognizes RMR testing as

a “used and recommended” method for identifying impaired

energy metabolism. Specifically, the endorsed procedures include

indirect or room calorimetry measurements (13). In addition,

REDs CAT2 identifies RMR as a potential indicator, with a

reduced or low RMR [<30 kcal/kg fat-free mass (FFM)/day] or

an RMR ratio (<0.90) considered indicative of the condition (14).

However, Sterringer and Larson-Meyer (59) pointed out that a

threshold of 0.9 may not be appropriate for all cases. In

particular, for studies using the Cunningham equation from 1991

(60) or DEXA measurement, a threshold of 0.9 may lead to an

underestimation of the prevalence of LEA.
Blood biomarkers—hormone concentration

One of the most used markers in the included studies (76.9%)

was T3. It is one of the hormonal agents released by the thyroid

gland and is indispensable in energy metabolism and growth

(61). T3 is also involved in the reproductive process (62) and

bone tissue metabolism through the local production of IGF-1

(63). Although its concentration is strongly associated with

metabolic functions, this marker still needs to be evaluated in

the context of other methods. This is because its concentration

may be affected by many conditions, such as circadian rhythms,
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thyroid disease, alterations in serum binding proteins, or other

associated medical conditions (64, 65). Clinically or

subclinically low total or free T3 is also considered one of the

primary REDs indicators listed in REDs CAT2 (14), and

clinically or subclinically low IGF-1 is included in the list of

potential indicators.

Testosterone concentration is also a frequently used marker in

the studies (61, 5%). Subclinically low total or free testosterone is

listed in REDs CAT2 primary indicators; clinically low total or

free testosterone is considered a severe primary indicator

(counted as two primary indicators) (14). While disturbances in

the menstrual cycle may affect the hypothalamic–pituitary–

gonadal axis in women, this condition may not be detected as

early in male athletes. Thus, for male athletes, in addition to

testosterone levels, it is often necessary to consider self-reported

data, such as the presence of low libido or decreased frequency

of morning erections, in the diagnosis of REDs. Thus, as

already mentioned, a combination of diagnostic methods is

required. In women, low energy availability disrupts luteinizing

hormone (LH) pulsatility, which further affects the

hypothalamic–pituitary–gonadal axis, including levels of follicle-

stimulating hormone (FSH), estrogens, and progesterone

(66, 67). Two studies tested estradiol levels (17, 26), while one

study tested levels of LH, FSH (17), and progesterone (26).

However, the REDs CAT2 tool does not directly use these

hormones as female reproductive cycle function indicators.

Instead, it uses self-reported data on the presence of primary

amenorrhea, secondary amenorrhea, or oligomenorrhea (14).

LEA also affects other endocrine pathways such as cortisol,

leptin, growth hormone, IGF-1 axis, sympathetic and

parasympathetic tone, or thyroid hormones (66).
Calculation of energy availability

The calculation of energy availability has been used in 46.2% of

the included studies (6 out of 13). Given that low energy availability

is a direct etiological factor in developing REDs (1), its inclusion in

diagnostic methods appears logical. The variables required for the

calculation of energy availability can also be obtained in a non-

invasive and non-burdensome way. The prevalence of low energy

availability was detected in four of the thirteen included studies:

67% (16), 23% (18), 22% (24), and 46% (28). In another study, a

prevalence of 28% was assessed through the SEAQ-I

questionnaire (21). In conclusion, the mean observed prevalence

of LEA across the studies is 39.5%.

However, previous studies have indicated that calculating

energy availability carries a high risk of error (9). Sources of this

inaccuracy can include energy intake, while data obtained

through nutritional recall may underestimate actual intake by

10%–20% (68, 69), and even cases of an underestimation of 50%

are not uncommon (70). The measurement of energy

expenditure also needs to be evaluated cautiously. Various

methods of assessing energy expenditure are used across studies,

such as doubly labeled water technique, direct calorimetry,

indirect calorimetry, accelerometry, heart rate monitoring, or
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pedometry (71). Nevertheless, using more accurate methods is

often complicated by the high cost of these devices in research

settings. Therefore, epidemiological studies frequently rely on

self-reported methods, which can lead to significant inaccuracies

in the observed outcomes (72). Thus, calculating energy

availability may serve as a valuable complementary method for

diagnosing REDs and could also be beneficial in determining the

optimal therapeutic approach (73). However, like other markers,

it should not be evaluated in isolation.
Reference markers according to IOC
REDs CAT2

Although there is still no uniform and standardized

methodological approach for the diagnosis of REDs, the new

IOC Consensus statement of 2023 provides a comprehensive

overview of:

(I) Preferred methods;

(II) Used and recommended methods; and

(III) Potential methods applicable for these purposes (13).

The IOC REDs CAT2 is closely aligned with this document and

summarizes the LEA indicators, including symptoms and signs,

that have emerged as current best practices for clinical

assessment and research. Based on the evaluation of these

indicators, an athlete may be included in one of the four-color

traffic-light severity/risk categories. Each category is also

associated with recommendations for athletic participation,

athlete monitoring, medical intervention, or even full medical

support, which may require the athlete’s temporary exclusion

from training and competition (14).

The authors of the REDs CAT2 emphasize that this advanced

tool should not be used in isolation but in combination with

clinical consideration and other tools, such as screening

questionnaires. In addition, they warn that the tool’s reliability

decreases if all the included indicators cannot be assessed and

that REDs CAT2 is not a substitute for professional clinical

diagnosis, advice, and/or treatment (13). Nevertheless, REDs

CAT2 represents a scientifically supported system for evaluating

LEA indicators and was selected as a reference tool to assess the

quality of the markers used in the included studies.

As this review primarily focuses on objective methods of

practical measurement, some subjective indicators obtained

through interviews or questionnaires were excluded from this

comparison. However, as previously mentioned, objective and

subjective methods cannot be entirely separated, and

combining them is desirable. After excluding methods that are

not objectively measurable, 15 markers were identified in the

reference tool. Five of these markers are scored as primary or

secondary indicators; 10 potential markers are not scored but

are considered emerging. An overview of the included and

excluded indicators and the results of the agreement can be

found in Table 4. The highest agreement with the CAT2 REDs

was achieved in the study of Stenqvist et al. (22) using 80% of

the scored indicators. Six studies used 60% (19–21, 25, 26, 74),
Frontiers in Sports and Active Living 10151
two used 40% (18, 28), three used 20% (16, 23, 24) of the

scored indicators, while one study did not include any of these

scored markers but only the potential ones (27).
Limitations

The main limitation, not only of this review but to the entire

field of REDs, is that no single marker or group of markers can

reliably indicate the presence of REDs in athletes at this time.

Therefore, we can only determine athletes’ risk levels as “low/

moderate/high” rather than diagnosing the presence or absence

of REDs. REDs cannot be diagnosed based on a single variable.

Instead, several factors must be considered. Thus, this review can

only provide an overview of the markers used in REDs diagnosis

in current studies and highlight their frequency of use. The most

commonly used markers were also analyzed with respect to the

REDs CAT2 tool. Another potential source of error is the

assessment of study quality and the risk of bias. Although three

researchers performed these tasks independently, evaluating

individual questions and the overall evaluation of the included

categories might be influenced by subjective perceptions or

interpretations of the questions related to the REDs topic.
Future directions

The process of diagnosing REDs is currently fragmented,

with studies employing various methods and a broad range of

markers in their methodologies, as evidenced by the findings

of this review. In addition, determining the presence or

absence of REDs is challenging. In response, it is crucial to

identify reliable markers suitable for diagnosing REDs,

establish diagnostic cutoffs, and develop guidelines for their

evaluation (13). It is essential to approach this condition

holistically, considering factors that may influence the final

diagnosis, such as the age of the athletes, their overall

nutritional status, or the type and intensity of their training

schedule. Furthermore, the importance of interdisciplinary

and multidisciplinary collaboration in diagnosing, treating,

and preventing this syndrome cannot be overstated, as it

is necessary to improve the future approach to REDs.

The fragmentation of complex conditions like REDs can lead

to erroneous conclusions and flawed therapeutic strategies

(75). The prevention of REDs should not rely solely on the

sports physician. Coaches, physiotherapists, nutritional

therapists, psychiatrists, the athletes themselves and, when

appropriate, their parents should all be involved in every part

of this process–primary, secondary, and tertiary REDs

prevention (73, 76).
Conclusion

This review is among the first articles to summarize the type

and frequencies of markers used in REDs diagnosis in current
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TABLE 4 Agreement of used markers according to IOC REDs CAT2 (n = 13 studies).

REDs indicator (14) Hooper
et al. (16)

Õnnik
et al.
(74)

Torstveit
et al. (18)

Keay
et al.
(19)

Stenqvist
et al. (20)

Keay
et al.
(21)

Stenqvist
et al. (22)

Mathisen
et al. (23)

Civil
et al.
(24)

Lee
et al.
(25)

Pritchett
et al. (26)

Gibson-
Smith

et al. (27)

Kalpana
et al. (28)

Severe primary indicators (count as two primary indicators)

Primary amenorrhea (females: primary amenorrhea is indicated when there has been a failure to menstruate by age 15 in the presence of normal secondary sexual development (two SDs above the mean of

13 years) or within 5 years after breast development if that occurs before age 10) or prolonged secondary amenorrhea (absence of 12 or more consecutive menstrual cycles) due to FHAa

Clinically low free or total testosterone (males:
below the reference range)b

— Yes Yes Yes Yes Yes Yes — — Yes Yes — —

Primary indicators

Secondary amenorrhea (females: absence of 3–11 consecutive menstrual cycles) caused by FHAa

Subclinically low total or free testosterone (males:
within the lowest 25% (quartile) of the reference
range)b

— Yes Yes Yes Yes Yes Yes — — Yes Yes — —

Subclinically or clinically low total or free T3
(within or below the lowest 25% (quartile) of the
reference range)

Yes Yes Yes Yes Yes Yes Yes — — Yes Yes — Yes

History of ≥1 high-risk (femoral neck, sacrum, pelvis) or ≥2 low-risk BSI (all other BSI locations) within the previous 2 years or absence of ≥6 months from training due to BSI in the previous 2 yearsa

Premenopausal females and males <50 years old:
BMD Z-scorea <−1 at the lumbar spine, total hip
or femoral neck or decrease in BMD Z-score from
prior testing Children/adolescents: BMD Z-scorea

<−1 at the lumbar spine or TBLH or decrease in
BMD Z-score from prior testing (can occur from
bone loss or inadequate bone accrual)

— Yes — Yes Yes Yes Yes Yes Yes Yes Yes — Yes

A negative deviation of a pediatric or adolescent
athlete’s previous growth trajectory (height and/or
weight)

— — — — — — — — — — — — —

An elevated score for the EDE-Q global (>2.30 in females; >1.68 in males) and/or clinically diagnosed DSM-5-TR-defined eating disordera (only one primary indicator for either or both outcomes)a

Secondary indicators

Oligomenorrhea caused by FHA (>35 days between periods for a maximum of 8 periods/year)a

History of 1 low-risk BSI (see high vs. low-risk definition above) within the previous 2 years and absence of <6 months from training due to BSI in the previous 2 yearsa

Elevated total or LDL cholesterol (above reference
range)

— — — — — — Yes — — — — — —

Clinically diagnosed depression and/or anxiety (only one secondary indicator for either or both outcomes)a

Potential indicators (not scored, emerging)
Subclinically or clinically low IGF-1 (within or
below the lowest 25% (quartile) of the reference
range)

— Yes Yes — Yes — — — — Yes Yes — —

Clinically low blood glucose (below the reference
range)

— Yes — — — — — — — — — —

Clinically low blood insulin (below the reference
range)

— Yes Yes — Yes — — — — Yes — — —

(Continued)
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TABLE 4 Continued

REDs indicator (14) Hooper
et al. (16)

Õnnik
et al.
(74)

Torstveit
et al. (18)

Keay
et al.
(19)

Stenqvist
et al. (20)

Keay
et al.
(21)

Stenqvist
et al. (22)

Mathisen
et al. (23)

Civil
et al.
(24)

Lee
et al.
(25)

Pritchett
et al. (26)

Gibson-
Smith

et al. (27)

Kalpana
et al. (28)

Chronically poor or sudden decline in iron studies
(e.g., ferritin, iron, transferrin) and/or hemoglobin

Yes Yes — — — — — — — — — Yes Yes

Lack of ovulation (via urinary ovulation detection)a

Elevated resting AM or 24 h urine cortisol (above
the reference range or significant change for an
individual)

— Yes Yes — Yes — Yes — — Yes — — —

Urinary incontinence (females)a

GI or liver dysfunction/adverse GI symptoms at rest and during exercisea

Reduced or low RMR <30 kcal/kg FFM/day or
RMR ratio <0.90

Yes — Yes Yes Yes — Yes Yes Yes Yes — — —

Reduced or low libido/sex drive (especially in males) and decreased morning erectionsa

Symptomatic orthostatic hypotension — — — — — — — — — — — — —

Bradycardia (HR <40 in adult athletes; HR <50 in
adolescent athletes)

— — — — — — — — — — — — —

Low systolic or diastolic BP (<90/60 mm Hg) — — — — — — — — — — — — —

Sleep disturbances — — — — — — — — — — — — Yes

Psychological symptoms (e.g., increased stress, anxiety, mood changes, body dissatisfaction and/or body dysmorphia)a

Psychology symptomsa

Exercise dependence/addictiona

Low BMI Yes Yes Yes — Yes Yes Yes Yes Yes Yes — Yes —

Agreement
Pointed indicators (n = 5) 20% 60% 40% 60% 60% 60% 80% 20% 20% 60% 60% 0% 40%

Potential indicators (n = 11) 27.3% 45.5% 54.5% 9.1% 45.5% 9.1% 27.3% 18.2% 18.2% 45.5% 9.1% 18.2% 18.2%

Overall 25% 50% 50% 25% 50% 25% 43.8% 18.8% 18.8% 50% 25% 12.5% 25%

BMD, bone mineral density; BMI, body mass index; BP, blood pressure; BSI, bone stress injuries; DSM-5-TR, diagnostic and statistical manual of mental disorders, fifth edition, text revision; DXA, dual-energy x-ray absorptiometry; EDE-Q,

eating disorder examination questionnaire; FFM, fat-free mass; FHA, functional hypothalamic amenorrhea; GI, gastrointestinal; HR, heart rate; traffic-light severity/risk categories, insulin-like growth factor 1; ISCD, International Society for

Clinical Densitometry; LDL, low-density lipoprotein; LSC, least significant change; RMR, resting metabolic rate; T3, triiodothyronine; T, testosterone; TBLH, total body less head.
aGray rows show indicators that cannot be objectively measured and that, therefore, were excluded for the purpose of marker agreement in this review.
bTestosterone level, which is included in the “severe primary indicators” and “primary indicators” categories, was considered as one indicator (not counted twice) to calculate agreement in marker use.
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studies. A focus on unifying the methodology for diagnosing REDs

is essential for future research, as the variety of markers and

inconsistent methodologies may complicate the interpretation of

results. This review identified that the most commonly used

markers were BMD, anthropometrical parameters (e.g., BMI,

BM, and FM), and T3 hormone concentration (76.9% of the

included studies). RMR (69.2% of the included studies),

testosterone concentration, and energy intake calculation (61.5%

of the included studies) also had a high frequency of use.

According to the REDs CAT2 (14), the highest agreement was

achieved in the study by Stenqvist et al. (22) using 80% of the

scored indicators. Six studies used 60% (19–21, 25, 26, 74), two

used 40% (18, 28), three used 20% (16, 23, 24) of the scored

indicators, while one study did not include any of these scored

markers, only the potential ones (27).

The calculation of energy availability, a direct etiological factor

for developing REDs, was used in 46.2% of the included studies.

Despite its simplicity and broad applicability, this marker has the

disadvantage of a potentially significant risk of error in calculating

energy intake and expenditure during physical activity. Thus, it

should be evaluated in combination with other methods.

This summary of the markers used in REDs diagnosis may help

future researchers focus on the most widely used markers when

planning research and facilitate interpreting research results.

Incorporating new tools into research and medical care will likely

take some time. Therefore, it remains relevant to highlight the

inconsistency of methods used in current studies.
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The association between diet and 
sleep with internalising symptoms 
in young athletes: a serial multiple 
mediation models
Yun Gao 1 and Lei Wang 2*
1 Department of Physical Education, Shanghai Jiao Tong University, Shanghai, China, 2 School of 
Physical Education, Shanghai University of Sport, Shanghai, China

Introduction: Athletes frequently experience anxiety and depression at rates 
similar to or higher than non-athletes. A balanced diet can alleviate athletes 
internalizing symptoms. Moreover, diet and sleep are all associated with 
internalising symptoms. Our study investigates how sleep quality mediates the 
impact of dietary habits on internalizing symptoms in athletes.

Methods: The current cross-sectional study involved 758 Chinese young 
athletes. The adapted Australian Athletes Diet Index was used to assess 
dietary patterns, and sleep was measured using the Athletes Sleep Screening 
Questionnaire. The Generalised Anxiety Disorder 7 scale and the Patient Health 
Questionnaire 9-item scale were used to assess symptoms of anxiety and 
depression. Structural Equation Modelling (SEM) analysis was used to examine 
the mediating role of sleep quality in young athletes. Raw scores of chronotypes, 
sleep quality, anxiety and depression were calculated for the statistical analysis.

Results: No significant indirect effects were found in adolescents. In adult athletes, 
diet mediated the relationship between chronotype and sleep quality (β  =  −0.028,  
p   <   0.001). Sleep quality mediated the association between diet and anxiety 
(β  =  −0.060, p  =  0.001), and depression (β  =  −0.076, p  =  0.001). Additionally, diet 
and sleep quality mediated the association between chronotypes and anxiety 
(β  =  −0.028, p  =  0.001), and depression (β  =  −0.028, p  =  0.001).

Conclusion: Sleep quality mediated the relationship between dietary patterns 
and internalising symptoms in young adult athletes. Additionally, diet and 
sleep quality mediated the association between chronotypes and internalising 
symptoms in young adult athletes.

KEYWORDS

diet, sleep, internalising symptoms, athletes, mediation

1 Background

The main feature of internalising symptoms is the disturbance of mood or emotional state (1). 
These symptoms typically manifest as anxiety, depression, mood disorders, and social withdrawal 
(2, 3). These symptoms are characterised by negative emotional states and a lack of visible, 
externalised behaviours (4). In 2019, there were 280 million individuals worldwide experiencing 
depression and 301 million suffering from anxiety disorders (5). The prevalence of internalising 
symptoms is also notable in athletes. Recent studies suggest that elite athletes, due to the unique 
pressures of competitive sports, are particularly vulnerable to mental disorders (6, 7). A systematic 
review revealed that the prevalence of anxiety and depression in athletes varies but is often higher 
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than or comparable to their non-athlete counterparts (6). Internalising 
symptoms can significantly impact an athlete’s physical performance and 
mental health. Depression and anxiety, for example, can lead to decreased 
motivation, impaired concentration, and suboptimal performance in 
sports (8). The high demands and stress associated with competitive 
sports can exacerbate these internalising symptoms, further affecting 
athletes’ overall well-being and career trajectory (9, 10).

To date, there is a limited number of studies focused on the 
relationship between diet and internalising symptoms in athletes. 
However, several studies indicated a positive association between better 
dietary habits and greater mental health. Dietary habits can influence 
mental health, where a balanced diet is associated with a reduced risk 
of depression and anxiety (11, 12). Previous studies suggested that a 
healthy diet rich in fruits, vegetables, and protein intake has benefits 
for reducing internalising symptoms in both the general population 
and athletes (12, 13). Conversely, poor dietary habits were associated 
with mental disorders in athletes (14). For instance, diets high in 
processed foods and sugars have been linked to increased risk of 
depression and anxiety (11, 12). Diet is one of the foundations for 
reaching athletic performance, with athletes’ dietary strategies, 
particularly those before and after competitions, being essential for 
recovery and adaptation (15). Effective dietary can enhance the 
adaptive response to fatigue, promote muscle function and boost 
exercise tolerance (16). Therefore, the monitoring of diets is important 
for athletes’ competition performance (17). However, scientific 
evidence indicates that there are some issues in the dietary behaviours 
of athletes. Specifically, there is an imbalanced intake of vitamins, 
including insufficient Vitamin D and excessive levels of phosphorus, 
iron and zinc (18). Elite athletes also demonstrate excessive 
consumption of vitamins, meat and sweets compared to non-elite 
athletes (19). Alcohol consumption among athletes poses a significant 
dietary problem (20). Research suggests that an athlete’s diet can 
impact their sleep, stress and overall well-being (21). Moreover, the 
understanding of nutrition among national-level athletes is profoundly 
limited and poorer than that of the general population of the same age 
(22, 23). Furthermore, a comparison between elite and non-elite 
athletes did not show substantial benefits in nutritional knowledge (24).

Sleep and internalising symptoms are closely related in athletes 
(25–28). Furthermore, sleep quality is even more closely linked to 
athletes’ mental health and is a significant predictor of internalising 
symptoms in athletes (29). Sleep deprivation is a contributing factor to 
impaired mental health in elite athletes (30). Chronic sleep deprivation 
and accumulated sleep debt can lead to severe mental wellness issues 
in athletes (31). The connection between sleep and mental health can 
be achieved by enhancing the recovery of the immune and nervous 
systems (32). Conversely, poor sleep quality and quantity have been 
consistently linked to higher levels of anxiety and depression among 
athletes (33). A longitudinal study on athletes indicated that those with 
poor sleep patterns were more likely to report symptoms of depression 
and anxiety, compared to those with adequate sleep (34). More 
importantly, diet plays a crucial role in the quality of sleep for athletes 
(35). It has been known that nutritional choices can either promote 
restorative sleep or contribute to sleep disturbances (35). Scientific 
evidence has also shown that a diet high in carbohydrates can facilitate 
the onset of sleep, while high-fat diets may adversely affect sleep quality 
(32, 36). Moreover, one qualitative review synthesised the effect of 
nutrition interventions on athletes’ sleep and indicated that sleep 
deprivation may lead to alterations in dietary habits (28).

The health behaviours of elite athletes are an ongoing concern, 
encompassing aspects such as diet and sleep. Athletes’ health 
behaviours can impact their training status and even directly affect 
their performance in competitions, ultimately influencing the 
trajectory of their careers (19). Therefore, the health behaviours and 
mental well-being of athletes during the Olympic preparation cycle are 
crucially important for optimising their performance (37). Although 
diet and sleep are associated with internalising symptoms, there is few 
studies have explored their interactive relationship in athletes. This gap 
is particularly notable given the high prevalence of mental health issues 
among athletes and the potential impact of these factors on their 
performance and well-being. The current study aims to address this 
gap by exploring how dietary habits and sleep patterns collectively 
influence internalising symptoms in athletes. Understanding the role 
of sleep as a mediator in this relationship is crucial, as it may offer 
insights into effective strategies for improving athletes’ mental health 
and, consequently, their sports performance. Therefore, the primary 
aim of this study is to investigate the association between diet and sleep 
with internalising symptoms in young athletes. Moreover, this study 
also explores the interactive relationship between unhealthy behaviours 
and internalising symptoms in young athletes.

2 Methods

2.1 Study design

This study was conducted using an online survey developed through 
the web-based questionnaire tool “Wen Juan Xing” (WJX.cn). The 
survey consisted of four sections: demographic data, health behaviours, 
and mental health. Participants were obtained by contacting coaches of 
university-level sports teams. Before participating in the study, athletes 
were provided with information about the research, and their informed 
consent was obtained. For athletes under the age of 18, parental or coach 
consent was required for participation in the survey. This study received 
approval from the Ethics Review Committee of the Shanghai University 
of Sport (Approval No. 102772022RT113).

Data were collected anonymously, and aggregate statistical 
analysis results were shared with the athletes or their guardians. The 
data collection was conducted from October to December 2022. Most 
of this period coincided with China’s COVID-19 epidemic prevention 
phase. On December 6, China announced new epidemic prevention 
regulations, initiating the comprehensive relaxation of epidemic 
control measures across society. However, the implementation of these 
measures continued in various locations until the end of December. 
Throughout the duration of this study, the training regimes of the 
athletes surveyed remained normal.

2.2 Participants

The sample size for this study was calculated using the G-power 
sample calculator, ensuring a probability level (α err prob) of p = 0.05, 
a small-to-medium effect size d = 0.3, and a statistical power (1-β) of 
0.90, which necessitated a minimum sample size of 109. To ensure a 
sufficient number of athlete participants, there were no restrictions on 
the level or age of the athletes participating in the study, other than 
being between the ages of 13 and 29. The athletic levels considered 
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were National First-Class, National Elite, and International Elite. Data 
from athletes below National First-Class or those not meeting the 
criteria (non-athletes) and duplicate entries were excluded.

According to the standards of the General Administration of 
Sport of China, National First-Class Athletes are those who meet the 
standards in national school leagues or national youth U-series 
competitions. National-Level Athletes are those qualified to participate 
in national competitions, while International-Level Athletes generally 
refer to those qualified to participate in international or 
intercontinental competitions. The standards for athlete levels vary by 
sport, as detailed in the standards of the General Administration of 
Sport of China (38).

2.3 Measures

This study targeted high-level competitive athletes in China, 
specifically those who have been engaged in long-term sports training 
and have participated in provincial-level or higher competitions. The 
survey incorporated internationally recognised scales suitable for 
high-level athletes, facilitating the identification of health behaviour 
issues in this group. The comprehensive questionnaire included the 
following sections.

2.3.1 Diet measurement
The dietary behaviour questionnaire was adapted from the core 

nutritional section of the Australian Athlete Diet Index (ADI). The 
ADI is a scale specifically designed for assessing the nutritional 
behaviours of athletes (39). It demonstrates good reliability 
(ICC = 0.80, 95% CI 0.69, 0.87; p < 0.001), and Bland–Altman plots 
(mean 1.9; limits of agreement −17.8, 21.7) did not show systematic 
bias (y = 4.57–0.03 × x) (95% CI −0.2, 0.1; p = 0.70) (40). Due to 
regional and cultural differences, the structure of the ADI core 
nutrition section was used, with item content referencing the “Chinese 
Elite Athlete Nutrition Guide” for the dietary requirements of athletes. 
The athletes were required to recall their dietary patterns over the past 
week. The questionnaire contains 13 items, covering the total variety 
of fruit, vegetables, grains, whole grains, dairy products, low-fat dairy 
products, total meat, poultry, fish, sweets, processed meats, takeout 
and dining out, and alcohol intake. The adapted questionnaire was 
retested for reliability in the athlete population, showing a test–retest 
reliability (ICC = 0.711, 95% CI 0.69, 0.87; p  < 0.001). Higher raw 
scores represent healthier diet behaviours.

2.3.2 Sleep measurement
The Athlete Sleep Screening Questionnaire (ASSQ) was used to 

assess sleep, including sleep quantity, quality, timing, insomnia, sleep-
disordered breathing, and travel-related sleep issues, categorising 
athletes into four groups based on a “Sleep Difficulty Score”: none, 
mild, moderate, and severe clinical problem. The ASSQ shows good 
agreement with personal assessments by physicians specialising in 
elite athlete sleep (Cohen’s kappa = 0.84), with a diagnostic sensitivity 
of 81%, specificity of 93%, positive predictive value of 87%, and 
negative predictive value of 90%. It is the only universally used sleep 
screening questionnaire for athletes and has been clinically validated 
(41, 42). The ASSQ is a 16-item multiple-choice questionnaire that 
calculates the “Sleep Difficulty Score (SDS)” using five questions based 
on total sleep time, sleep satisfaction, and symptoms of insomnia. The 

SDS, along with scores from other questions assessing circadian 
rhythm and sleep-disordered breathing, are translated into specific 
intervention recommendations. The ASSQ has been proven effective 
and reliable in the athletic population (41). The first five items of the 
ASSQ assess sleep disorders (e.g., In the past month, how many hours 
do you sleep at night?), with a scoring system of 4 and 5 points. A total 
score of 1–17 is calculated, with ≥8 indicating the presence of a sleep 
disorder. Chronotype can be  defined as an individual’s inherent 
propensity towards a preference for morningness or eveningness (43). 
In terms of ASSQ Chronotype, the raw score ≤ 4 indicates the athlete 
is an evening type.

2.3.3 Anxiety and depression measurement
The Generalised Anxiety Disorder 7 (GAD-7) scale and the 

Patient Health Questionnaire 9-item (PHQ-9) scale were used to 
assess symptoms of anxiety and depression in athletes. The GAD-7 
assesses anxiety through seven items, such as “Over the last 2 weeks, 
how often have you been bothered by the following problem? (1) 
Feeling nervous, anxious, or on edge. (2) Not being able to stop or 
control worrying” Each item is scored from 0 (“Not at all”) to 3 
(“Nearly every day”), with a maximum score of 21. A total score 
between 0 and 21, with ≥10 indicating anxiety symptoms. The PHQ-9 
measures depression through nine items, such as: “Over the past 
2 weeks, how often have you been bothered by any of the following 
problems?” (1) Little interest or pleasure in doing things. (2) Feeling 
down, depressed, or hopeless. Each item is scored from 0 (“Not at all”) 
to 3 (“Nearly every day”), with a maximum score of 27. A total score 
of 0–27 is calculated, with ≥10 indicating depressive symptoms.

2.4 Data analysis

Descriptive statistics and correlations were calculated using IBM 
SPSS v26. The correlation analysis was controlled for variables such as 
age, sex, BMI, athlete grade, training hours/day, training days/week, 
and perceived training intensity. Structural Equation Modelling (SEM) 
analysis was conducted in IBM AMOS v24. The SEM analysis aimed 
to examine the relationships between diet, sleep quality scores, 
chronotype scores, and the variables of depression and anxiety. Dietary 
patterns were the independent variable. Sleep quality was treated as a 
mediating variable, with anxiety and depression as dependent variables. 
Since the given model met these criteria, maximum likelihood was 
used to calculate estimates. Following Kline’s recommendations, the 
chi-square test, Comparative Fit Index (CFI > 0.9), Goodness of fit 
(GFI > 0.9), Index Root Mean Square Error of Approximation 
(RMSEA < 0.05), and Standardised Root Mean Square Residual 
(SRMR < 0.05) were calculated to assess the goodness of fit for each 
model (44). Indirect effects were tested using a bias-corrected bootstrap 
with 5,000 bootstrap samples. Confidence intervals were calculated at 
the 95% level. The significance level was set at 0.05.

3 Results

The descriptive statistics of demographic, health behaviour, and 
mental health variables from the questionnaire, as well as the mean 
comparisons among subgroups, are presented in Table 1. In total, 815 
online questionnaire responses were confirmed. After applying 
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eligibility criteria, 758 of these were selected as the sample data for the 
study. Athletes from 22 different sports participated in the survey. The 
top five most represented sports were: Track and Field (22.0%), Diving 
(15.2%), Swimming (12.0%), Gymnastics (9.8%), and Tennis (8.6%). 
Finally, this study ultimately included questionnaire data from 758 
athletes (19.36 ± 3.17 years). Of these, 388 were male (51.19%) and 370 
were female (48.81%); there were 50 International Elite athletes, 274 
National Elite athletes, and 434 National First-Class athletes. In the 
comparison between male and female samples, female athletes scored 
lower than male athletes in overall diet scores (52.69 ± 14.92 vs. 
57.69 ± 13.61, p < 0.01), had higher scores in sleep difficulties 
(6.08 ± 2.92 vs. 5.59 ± 2.85, p < 0.05), and scored lower in late sleeping 
(reverse scoring: 6.37 ± 1.90 vs. 6.71 ± 1.86, p < 0.05). Female athletes 
also had higher scores in anxiety and depression than male athletes 
(5.51 ± 4.56 vs. 4.22 ± 4.22, p < 0.01; 6.45 ± 5.00 vs. 4.98 ± 4.73, p < 0.01), 
with the only non-significant statistical differences being in Training 
hours/day (p = 0.317) and Training days/week (p = 0.496). In the 
comparison among different athletic levels, significant statistical 
differences were observed in the age (23.06 ± 3.62 vs. 20.01 ± 3.25 vs. 
18.52 ± 2.62, p < 0.001), diet (56.83 ± 13.14 vs. 53.11 ± 14.99 vs. 
56.42 ± 14.15, p = 0.009), and anxiety (5.28 ± 5.51 vs. 5.39 ± 4.50 vs. 
4.47 ± 4.23, p = 0.021) scores of International Elite athletes, National 
Elite athletes, and National First-Class athletes, while other indicators 
showed no significant statistical differences (p > 0.05).

The correlation coefficients among indicators are shown in 
Table 2. After controlling for variables such as age, sex, BMI, athlete 
grade, training hours/day, training days/week, and perceived training 
intensity, the athletes’ diet raw scores were significantly negatively 
correlated with sleep quality raw scores (r = −0.128, p < 0.01), and 
significantly positively correlated with chronotypes raw scores 
(r = 0.138, p < 0.01), anxiety raw scores (r = 0.091, p < 0.05), and 
depression raw scores (r = 0.099, p < 0.01). Sleep quality raw scores 
were significantly positively correlated with anxiety (r = 0.384, p < 0.01) 
and depression raw scores (r = 0.450, p < 0.01). There was also a 
significant positive correlation between anxiety and depression raw 
scores (r = 0.821, p < 0.01).

Tables 3, 4 display the direct effects of chronotypes, diet and sleep 
on anxiety and depression raw scores in young athletes. In adolescents, 
sleep quality was associated with anxiety (β = 0.431, 95%CI = 0.299–
0.552, p < 0.01) and depression (β = 0.382, 95%CI = 0.289–0.563). In 
adults, chronotype was positively associated with diet (β = 0.167, 
95%CI = 0.074–0.253, p < 0.01). Diet was negatively related to sleep 
quality (β = −0.168, 95%CI = −0.242 to −0.091, p < 0.01). Additionally, 
sleep quality was positively associated with anxiety (β = 0.359, 
95%CI = 0.275–0.432, p < 0.01) and depression (β = 0.451, 
95%CI = 0.377–0.522, p < 0.01).

Tables 5, 6 show the indirect effects of chronotype, diet, and sleep 
quality on anxiety and depression raw scores. In adolescents, we did 
not find any significant indirect effects. In adults, diet mediated the 
relationship between chronotype and sleep quality (β = −0.028, 
p < 0.001). Sleep quality mediated the association between diet and 
anxiety (β = −0.060, p = 0.001), and depression (β = −0.076, p = 0.001). 
Additionally, diet and sleep quality mediated the association between 
chronotypes and anxiety (β = −0.028, p = 0.001), and depression 
(β = −0.028, p = 0.001).

4 Discussion

To the best of the author’s knowledge, this is the first study to 
explore the mediating role of sleep in the relationship between diet 

TABLE 2 Zero-order correlation of variables (N  =  750).

Measure Diet SDS Chronotype Anxiety

SDS −0.136**

Chronotype 0.134** −0.058

Anxiety −0.091* 0.386** 0.004

Depression −0.101** 0.451** −0.034 0.821**

*Significant differences between groups, p < 0.05; **significant differences between groups, 
p < 0.01.

TABLE 1 Descriptive statistics for demographic variables and the health questionnaires.

Variables Total 
(N  =  758)

Male 
(N  =  388)

Female 
(N  =  370)

T 
value

p International 
elite (N  =  50)

National 
elite 

(N  =  274)

National 
first-
class 

athletes 
(N  =  434)

F 
value

p

Age 19.36 ± 3.17 19.76 ± 3.25 18.95 ± 3.04 3.540 <0.001 23.06 ± 3.62 20.01 ± 3.25 18.52 ± 2.62 64.335 <0.001

BMI 22.48 ± 8.15 23.54 ± 9.48 21.38 ± 6.31 3.667 <0.001 23.15 ± 4.88 22.14 ± 4.19 22.63 ± 10.11 0.482 0.618

Training 

hours/day

5.21 ± 10.87 4.82 ± 2.78 5.61 ± 15.29 −1.001 0.317 5.66 ± 1.79 5.18 ± 2.99 5.17 ± 14.16 0.046 0.955

Training days/

week

5.82 ± 2.62 5.89 ± 2.31 5.76 ± 3.0 0.682 0.496 6.14 ± 1.29 5.99 ± 3.09 5.68 ± 2.40 1.635 0.196

Diet 55.25 ± 14.47 57.69 ± 13.61 52.69 ± 14.92 4.825 <0.001 56.83 ± 13.14 53.11 ± 14.99 56.42 ± 14.15 4.747 0.009

Chronotype 6.55 ± 1.88 6.71 ± 1.86 6.37 ± 1.90 2.481 0.013 6.08 ± 2.23 6.58 ± 1.76 6.58 ± 1.92 1.643 0.194

Sleep quality 5.83 ± 2.89 5.59 ± 2.85 6.08 ± 2.92 −2.341 0.019 5.84 ± 3.19 6.01 ± 2.94 5.72 ± 2.83 0.847 0.429

Anxiety 4.85 ± 4.44 4.22 ± 4.22 5.51 ± 4.56 −4.041 <0.001 5.28 ± 5.51 5.39 ± 4.50 4.47 ± 4.23 3.883 0.021

Depression 5.69 ± 4.91 4.98 ± 4.73 6.45 ± 5.00 −4.160 <0.001 5.60 ± 5.86 6.22 ± 4.98 5.37 ± 4.73 2.509 0.082

**p < 0.01, *p < 0.05. ASSQ, The Athlete Sleep Screening Questionnaire; SDS, Sleep Difficulty Score; Chronotype, Eveningness–tendency to sleep late; SMHRT-1, Sport Mental Health 
Assessment Tool 1.
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and internalising symptoms in young athletes. The results indicate 
that there are significant associations between chronotype and diet, 
diet and sleep quality, sleep quality and anxiety/depression. 
Furthermore, our findings revealed two significant mediating 
pathways: (1) diet → sleep quality → anxiety/depression and (2) 
chronotype → diet → sleep quality → anxiety/depression in young 
adult athletes. Additionally, we did not find any indirect effects in 
adolescent athletes.

Our findings suggest a positive association between chronotype 
and diet raw scores in young adult athletes, which is consistent with 

the previous studies (45–47). The previous study investigated adults 
aged 18–65 years and found that those with a morning chronotype 
were intended to consume higher energy, protein and fat intake, and 
reduced carbohydrate intake (45). Conversely, evening chronotypes 
consumed lower protein intake (45). In university athletes, a cross-
sectional study indicated that evening chronotype athletes consumed 
higher amounts of carbohydrates, confectionary, and sweet beverages 
compared to their morning chronotype counterparts (46). 
Furthermore, Moss and colleagues found higher chronotype raw 
scores were linked to increased gain consumption (47). Morning 

TABLE 3 Direct effects of chronotype, diet and sleep duration on anxiety.

Path Overall sample Adolescents Adults

Standardised 
estimates

95%CI Standardised 
estimates

95%CI Standardised 
estimates

95%CI

Lower Upper Lower Upper Lower Upper

Chronotype → diet 0.152*** 0.075 0.227 0.078 −0.077 0.235 0.167** 0.074 0.253

Chronotype → sleep 

quality
−0.058 −0.132 0.020 −0.066 −0.211 0.079 −0.047 −0.129 0.046

Diet → sleep quality −0.135*** −0.199 −0.066 −0.053 −0.177 0.073 −0.168** −0.242 −0.091

Diet → anxiety −0.064 −0.132 0.001 −0.058 −0.166 0.055 −0.072 −0.144 0.011

Sleep 

quality → anxiety
0.382*** 0.313 0.449 0.431** 0.299 0.552 0.359** 0.275 0.432

***p < 0.001, **p < 0.010, *p < 0.050.

TABLE 4 Direct effects of chronotype, diet and sleep duration on depression.

Path Overall sample Adolescents Adults

Standardised 
estimates

95%CI Standardised 
estimates

95%CI Standardised 
estimates

95%CI

Lower Upper Lower Upper Lower Upper

Chronotype → diet 0.152*** 0.075 0.227 0.078 −0.077 0.235 0.167** 0.074 0.253

Chronotype → sleep 

quality
−0.058 −0.132 0.020 −0.066 −0.210 0.082 −0.047 −0.129 0.046

Diet → sleep quality −0.135*** −0.199 −0.066 −0.053 −0.171 0.078 −0.168** −0.242 −0.091

Diet → anxiety −0.061 −0.122 0.001 −0.083 −0.197 0.032 −0.056 −0.129 0.021

Sleep 

quality → anxiety
0.445*** 0.376 0.510 0.382*** 0.289 0.563** 0.451** 0.377 0.522

***p < 0.001, **p < 0.010, *p < 0.050.

TABLE 5 Indirect effects on anxiety.

Paths Overall Adolescents Adults

Standardised 
estimates

p Standardised 
estimates

p Standardised 
estimates

p

Chronotype → diet → sleep quality −0.020*** 0.001 −0.004 0.296 −0.028*** 0.001

Chronotype → diet → anxiety −0.010* 0.039 −0.005 0.240 −0.012 0.067

Chronotype → sleep 

quality → anxiety
−0.022 0.134 −0.028 0.369 −0.017 0.314

Diet → sleep quality → anxiety −0.051*** 0.001 −0.023 0.395 −0.060*** 0.001

Chronotype → diet → sleep 

quality → anxiety
−0.020*** 0.001 −0.004 0.288 −0.028*** 0.001

***p < 0.001, **p < 0.010, *p < 0.050. Model fit index (adults): chi-square (χ2/DF = 1.066, p = 0.302), SRMR = 0.013, RMSEA = 0.011, CFI = 0.999, GFI = 0.999.
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chronotypes were identified as individuals consuming more 
breakfasts, while evening chronotypes displayed preferences for more 
snacks, caffeine, alcohol, and later eating patterns (45, 48, 49). A 
scoping review also suggested that evening chronotypes were 
associated with higher consumption of sweets, caffeine, and alcohol, 
as well as unhealthier behaviours such as delayed meal times, irregular 
breakfast eating, breakfast skipping and excessive calorie intake during 
the night (50).

The current study found that dietary patterns were associated with 
sleep quality in young athletes. This finding aligns with previous studies 
(47, 51). For instance, Moss and colleagues found endurance athletes 
who consumed fewer grains had poorer sleep quality (47). Cando and 
colleagues found nutrition intake was associated with both sleep 
duration and quality in elite female athletes (51). Additionally, our 
findings suggest a positive association between sleep quality and 
anxiety/depression raw scores in young athletes. This finding is 
consistent with several previous studies (52–54). Grandner and 
colleagues found that poor sleep quality was associated with a higher 
risk of anxiety (Unstandardised B = 0.459, 95%CI = 0.294–0.624, 
p < 0.0001) and depression (Unstandardised B = 0.52, 95%CI = 0.239–
0.801, p = 0.0003) (53). Moreover, Potter and colleagues investigated 
162 high school athletes and found poor sleep quality was associated 
with higher anxiety (β = 0.391, 95%CI = 0.263–0.520, p < 0.001) and 
depressive symptoms (β = 0.456, 95%CI = 0.346–0.565, p < 0.001) (54). 
We also found that sleep quality was associated with anxiety/depression 
in adolescent athletes. Adolescents may experience poor sleep quality 
due to maturational development (e.g., a circadian phase delay) and 
societal and psychosocial factors (e.g., increased bedtime autonomy, 
and screen time) (55, 56). It is well-documented that poor sleep quality 
is associated with higher levels of anxiety and depressive symptoms (54, 
57). This can partially explain the association between sleep quality and 
anxiety/depression in adolescent athletes. Our findings also support 
the strongest association between sleep quality and internalising 
symptoms in young athletes. However, mediating analysis suggests that 
no direct effects are observed between diet and anxiety/depression, as 
well as chronotypes and sleep quality in young athletes.

In terms of indirect effects, the current study found that sleep 
quality mediated the relationship between diet and internalising 
symptoms in young adult athletes. The previous study has indicated that 
unhealthy dietary patterns in conjunction with inadequate sleep may 
constitute significant risk factors for the onset of mental health 
problems (58). Our study extends this finding by demonstrating that 
sleep quality mediates the association between dietary patterns and 
anxiety/depression in young adult athletes. Accordingly, diet can impact 

sleep through various mechanisms such as circulating gut hormones, 
stimulating the production of serotonin and melatonin, acting on 
GABAergic or serotonergic neurons, or other unidentified mechanisms 
such as the bioactive peptides and the nonprotein nitrogen fraction of 
diet (59, 60). For these reasons, unhealthier dietary patterns may lead 
to poor sleep quality in young athletes (61). Moreover, the relationship 
between sleep and anxiety may be explained by shared neurocircuity 
and there is a complex network of receptor systems, including 
dopamine, serotonin and adenosine (62). Additionally, sleep may 
impact depression via increasing inflammatory cytokines, biochemical 
pathways such as changes in cholinergic and monoaminergic neurons, 
genetic factors and circadian rhythm (63). Taken together, the 
relationship between diet and internalising symptoms may be explained 
by the effects of diet on sleep quality, which may, in turn, impact 
internalising symptoms in young athletes. Moreover, diet and sleep 
quality mediated the association between chronotype and internalising 
symptoms. According to existing evidence, morning chronotype people 
were more likely to have a healthier and regular lifestyle when compared 
to their evening counterparts (48, 49, 59). In comparison with the 
mediating effects of sleep quality, the indirect effect of chronotype on 
internalising symptoms is smaller than the mediating effect of sleep 
quality. This finding indicates that chronotype may be associated with 
insufficient sleep duration through poor dietary behaviours, which 
could subsequently be related to anxiety and depression. It implies that 
coaches, athletes, and other stakeholders should be aware that both a 
healthier diet and better sleep quality potentially have benefits for 
reducing the risk of internalising symptoms in athletes.

This study represents one of the initial attempts to examine the 
mediating effects of sleep quality in the relationship between diet and 
internalising symptoms in young athletes. However, several limitations 
should be considered when interpreting the findings. Firstly, a cross-
sectional study design was employed to examine the relationship 
between diet, sleep and internalising symptoms in young athletes. 
More experimental studies are needed to establish the causality of this 
association. Secondly, self-reported measures were used to assess diet, 
sleep and internalising symptoms. To enhance our understanding of 
this association, further research would benefit from incorporating 
more objective measures. Thirdly, as the sample comprises Chinese 
young athletes, improving the generalisability of the results is 
recommended by including a larger sample size and participants from 
diverse cultural backgrounds. Lastly, given that the data collection was 
conducted between October and December 2022 during the period of 
COVID-19. The findings of the current study should be interpreted 
with caution.

TABLE 6 Indirect effects on depression.

Paths Overall Adolescents Adults

Standardised 
estimates

p Standardised 
estimates

p Standardised 
estimates

p

Chronotype → diet → sleep quality −0.020*** 0.001 −0.004 0.296 −0.028*** 0.001

Chronotype → diet → depression −0.009* 0.036 −0.006 0.233 −0.009 0.124

Chronotype → sleep 

quality → depression
−0.026 0.142

−0.029 0.363
−0.021 0.317

Diet → sleep quality → depression −0.060*** 0.001 −0.023 0.373 −0.076*** 0.001

Chronotype → diet → sleep 

quality → depression
−0.020*** 0.000 −0.004 0.280 −0.028*** 0.001

***p < 0.001, **p < 0.010, *p < 0.050. Model fit index (adults): chi-square (χ2/DF = 0.002, p = 0.964), SRMR = 0.001, RMSEA = 0.000, CFI = 1.000, GFI = 1.000.
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5 Conclusion

The results suggest significant direct effects of chronotype on 
diet, diet on sleep quality, and sleep quality on anxiety/depression 
in young adult athletes. Moreover, the mediating models indicate 
that sleep quality mediated the relationship between dietary 
patterns and internalising symptoms in young adult athletes. 
Additionally, diet and sleep quality mediated the association 
between chronotype internalising symptoms in young 
adult athletes.
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Moroccan professional and
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descriptive study
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Anass Kettani1,2, Rachid Saile1 and Hassan Taki1

1Laboratory of Biology and Health, URAC 34, Faculty of Sciences Ben M’sik, Health and Biotechnology
Research Center, Hassan II University of Casablanca, Casablanca, Morocco, 2Mohammed VI Center for
Research and Innovation, Rabat, Morocco
Introduction: Nutrition plays an integral role in optimizing football players’
performance during training sessions and matches and maintaining their
overall health throughout the season. This study aimed to evaluate how well
the dietary practices of professional and adolescent football players in
Morocco during the competitive period met international macronutrient
recommendations, and to explore the relationship between their nutritional
status and aerobic performance, as measured by the Yo-Yo IRL1 test.
Methods: A total of 277 footballers from Morocco’s professional league, “Botola-
Pro”, were monitored over a seven-day (training microcycle) during the
competitive period. The dietary intake was assessed through self-reported
methods and 24-hour recalls. Relevant body composition was measured with
bioelectrical impedance (BI), and aerobic performance was evaluated using
the Yo-Yo IR test.
Results: The results indicated significant variations in performance and
nutritional status across different categories and age groups. The nutritional
status of the players didn’t match the UEFA recommendations (p < 0.001). We
found that higher intake levels of carbohydrates and proteins were positively
correlated with the total distance covered by the players (p < 0.001, r = 0.63,
R2 = 0.4 for carbohydrates; p < 0.001, r = 0.59, R2 = 0.35 for proteins).
Conversely, a higher proportion of energy derived from fats in the diet was
negatively correlated with the distance covered (p < 0.001, r =−0.64, R2 = 0.41).
Conclusion: These findings suggest that optimizing carbohydrates and protein
intake while managing fat consumption is crucial for enhancing sporting
performance. This information is essential for tailoring training programs and
nutritional regimens based on the competition level.
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1 Introduction

Soccer, widely regarded as the world’s most popular sport, is

marked by repeated bursts of high-intensity activity (1). It

requires a complex set of physical qualities, skillfully combining

intense phases of running, sprints, changes in direction, and

jumps with moments of relative recovery (2, 3). These diverse

performances, ranging from explosive accelerations to powerful

movements, demand a delicate balance between anaerobic efforts

and aerobic endurance (4).

Making good nutritional choices can enhance the health and

performance of football players, the type, quantity, and timing of

food, fluids, and supplements consumed can significantly impact

players’ performance and recovery during and between matches

(5). However, the rapidly evolving nature of the game, both

technically and tactically, underscores the importance for medical

staff and players to make informed nutritional decisions (6).

These decisions are vital to supporting training loads and

optimizing physical performance. A recent meta-analysis revealed

that over the past two decades, from 2000 to 2019, players

whether professionals, amateurs, adults, or adolescents have faced

challenges in effectively meeting their nutritional needs,

particularly concerning energy and carbohydrates intake (7).

Several recommendations have been implemented over time,

with the most recent being the UEFA consensus (5)suggesting

that one day before the match (D-1), the match day (D), and the

day after the match (D + 1), carbohydrate (CHO) intake should

be increased to replenish muscle glycogen reserves. It’s

recommended to consume 6–8 g/day/kg of body weight (BW) (5).

The proteins, composed of amino acids, play a crucial role in

the repair and growth of muscle tissues solicited during aerobic

efforts (8).They also contribute to the synthesis of new enzymes

and molecules essential for performance. Muscle recovery after

an intensive football match involves protein synthesis, where

amino acids from dietary proteins are used to repair damaged

muscle fibers (9). This muscular regeneration helps minimize

fatigue, prevent injuries, and support long-term athletic

performance (10). Moreover, in the context of football, where

endurance, speed, and strength are crucial, proteins play a key

role in the synthesis of enzymes and molecules necessary for

energy production (11). Enzymes facilitate metabolic processes

that provide the necessary energy to sustain the intensity of the

game (12–14). Adequate protein intake in the diet thus

contributes to optimizing the performance of football players on

the field. The UEFA recommendations suggest a protein intake

ranging from 1.2 to 2.2 g/day/kg of body weight (BM) for players

(5), and according to recent studies conducted primarily in

Europe, the USA, Australia, and Asia, most adults often meet

this ratio (7). The scientific community suggests that adolescents

should also have sufficient protein intake during this crucial

phase to promote normal growth and development in young

footballers (15).

The dietary fat plays a crucial role in training nutrition by

serving as an energy source, facilitating the absorption of fat-

soluble vitamins, and providing essential fatty acids. Athletes are

recommended to tailor their fat intake to meet protein and
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carbohydrate requirements within overall energy goals (16).

Additionally, adherence to community guidelines regarding

minimal trans fatty acid intake and cautious consumption of

saturated fats is advised (17) The UEFA consensus recommends

that the percentage ratio for fat intake should fall within the

range of 20%–35% of total energy intake (TEI) (5).

In sport performance, the aerobic capacity (AC), represents an

essential element of physical fitness (PF) that defines the ability of

players to maintain their optimal performance levels throughout a

match or an intense training session (12). Many research studies

have been carried out in the last few years to investigate the

relationship between running distance covered, and physical

performances during football games, both at the semi-elite and

youth levels (18–23), and at the professional level (1, 12, 24–28).

The results of these studies confirm a strong correlation between

physical fitness and the running demands during matches,

highlighting that total distance covered and peak speed in

endurance tests are associated with both total distance and high-

intensity distance covered during play. In this context, field tests

are considered a more appropriate alternative to laboratory tests

(19, 29), mainly due to their relevance to the sport, low cost, and

their ease of implementation. Considering these aspects, it will

appropriate use field tests during the competitive season frequently.

The physical fitness (PF) of football players engaged in

significant competitive levels has been the subject of thorough

analysis over the past decades, utilizing various testing protocols,

including the Yo-Yo IR1 test developed by Bangsbo et al. (30)

which involves covering the greatest possible distance while

following a running pattern that includes periods of intense

effort and recovery. The assessment of seasonal variability in

players’ physical capacity within different European football

leagues has been conducted using this protocol and similar

ones (27, 31–34).

On the other hand, several scientific studies have shown that

footballers, whether adults or adolescents, struggle to meet their

nutritional needs, whether in terms of energy or macronutrients

(7). Furthermore, adolescents face a paradox: they must not only

meet the demands of sports performance but also satisfy the

specific needs related to their growth phase… (significant

changes, physically psychologically …). The combination of

intense training, competitive demands, and physiological changes

can increase adolescents’ vulnerability to phenomena such as

fatigue, overtraining, and injuries. Prolonged fatigue not only can

affects sports performance but also impacts negatively the overall

wellbeing and growth of adolescents (26, 35). On the flip side,

making optimal nutrition choices is crucial for promoting health

and performance. The quality, quantity, and timing of food,

fluids, and supplements consumption play a pivotal role in

influencing the players’ performance and recovery time both

during and between matches (5, 36).

Following this introduction, it is essential to highlight the

crucial importance of the relationship between nutritional status

and aerobic performance, whether during matches or training.

This relationship is influenced by various factors, including the

level of competition, age category, workload intensity, exertion,

and other parameters. However, to date, and to our knowledge, a
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few studies have explored these relationships, particularly in

Morocco (37), North Africa, and across the African continent.

Therefore, this study aims to (I) evaluate the dietary habits and

nutritional status in terms of macronutrients among Moroccan

adolescent and adult football players, to determine if their

diet aligns with the international recommendations of the UEFA

scientific community for adults and professionals, as well as with

Moroccan nutritional recommendations for pre-adolescents; (II)

examine the impact of this nutritional status on aerobic

performance, measured by the distance covered during the Yo-

Yo IR1 test.

In this context, it is crucial to examine several questions to

deepen our understanding of the interactions between nutrition

and performance in Moroccan football. This study aims to

address the following questions:
1. Do Moroccan football players adhere to macronutrient

recommendations?

2. Do players with higher levels of aerobic performance better

comply with macronutrient nutritional recommendations?

3. Is there a correlation between the level of competition and the

nutritional status of players?

4. How do players’ dietary habits evolve from adolescence to

adulthood, and are these changes aligned with nutritional

recommendations for different levels of competition?

5. What is the impact of nutritional status on aerobic

performance, as measured by the distance covered during the

Yo-Yo IR1 test?
These questions seek to clarify the complex relationships between

nutritional intake and sports performance, considering the specificities

of Moroccan players across various levels of competition.
FIGURE 1

The study design.
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2 Material and methods

2.1 Study design

An observational study protocol was established to assess

potential relationships between macronutrient intake, energy

intake, and physical performance measures expressed in distance

covered following a validated field test Yo-Yo TR1 (30). The aim

was to investigate the impact of nutritional status on

performance in a total of 253 male soccer players in Morocco of

varying ages (from 12 to 25), from academic to professional level

competition. The study was conducted during the second half of

the return phase (after transition phase) of the Moroccan

“Botola-Pro” National league Championship competitive season

2022–2023. Each age category or group was monitored over a

period of 7 consecutive days, including one microcycle training

from Monday to Saturday, as illustrated in Figure 1.

Dietary survey and anthropometric measurements were

conducted daily from monday to sunday at 10 a.m. before

training sessions. It’s noteworthy that the physical test was

conducted during the Sunday session, and no other activity was

carried out before or during this testing period to ensure the

validity of the protocol and to avoid any other factors that could

influence the results. A warm-up of 5–10 min was performed

based on the qualities of each player, as well as their category

and competition level.

This study has been approved by the regional ethics committee

of the Ibn RORCHD University Hospital Center of Casablanca

governed by Morocco’s Ministry of Health (Approval No. 22/

2022) and has been conducted in accordance with the ethical

principles outlined in the Declaration of Helsinki. The

participants have given their consent to be involved in the study

and were given the option to opt out at any moment.
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2.2 Participants

A total of 277 male Moroccan football players from 14 clubs

competing in the “Botola-Pro” Moroccan championship were

included in the study, with careful distribution made across age

groups and competitive levels. The eligibility criteria applied to

this study excluded goalkeepers (a number of 14) because the

physical effort exerted by goalkeepers differs from that of other

players, and our objective is to evaluate the aerobic performance

of outfield players. Also excluded were the players who did not

complete performance tests (a number of 4) or the dietary

questionnaires (totaling 5), as well as those with injuries or

illnesses during the research period (a number of 2).

In total 253 participants representing 14 football teams with

players (ranging from pre-adolescence to adulthood, from

academic to professional levels), were followed, analyzed, and

processed till the end of the study and distributed as follows:

The Senior Professional group level “S-PROF” was made up of 49

players from two professional clubs that were involved in the

“Botola-Pro” competition. Fifty players from two teams competing

in the national elite tournament made up the senior elite group,

or “S-ELIT”. Fifty players from two teams competing in the young

elite division of the national elite youth championship made up

the “Y-ELIT” group of young players. Finally, 55 players from

three teams in the U15 and U14 categories (referred to as “U15/

U14-ACDM”) who were competing in the academic championship

were also included in our study. Furthermore, 49 competitors in

the U13 and U12 divisions were also included.
2.3 Anthropometry

InBody Co., Ltd.’s InBody 120 bioelectrical impedance analyzer

was used to collect anthropometric data. This analyzer produces a

current of 150 μA (± 50 μA) while operating at frequencies of 20

and 100 kHz. It offers a range of complete findings, including

weight, body mass index (BMI), body fat mass (BFM), body

muscle mass (BMM), and Resting Metabolic Rate (RMR). The

precision errors less than 2% for lean body mass (FFM), fat mass

(FM), and percentage of body fat (%BF) (38, 39).

A stadiometer (Portable Stadiometer-Seca 225, Hamburg,

Germany) with an accuracy of ±0.1 mm was used to measure the

subjects’ height; to assure accuracy, athletes took off their shoes.

The World Health Organization (WHO) curves were used in

conjunction with a particular approach to calculate BMI for

participants in the Under 18 group. These globally accepted

curves ensure an accurate evaluation of weight status while

accounting for changes linked to growth and physiological

development (40).
2.4 Physical performance test

To assess the participants’ physical performances, we opted for

the Yo-Yo intermittent recovery test level 1 (Yo-Yo IRT 1)
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developed by Bangsbo et al. (30), a recognized measure in the

field of aerobic endurance evaluation, this test involves a series of

repeated runs with progressively reduced recovery intervals.

Participants are pushed to their limits in terms of speed and

endurance, providing a reliable assessment of their aerobic

capacities. The Yo-Yo IRT 1 test is often favored for its

specificity to the demands of football, challenging players’ ability

to sustain high-intensity efforts throughout the test. the distance

traveled is expressed in meters (m) and the results obtained

through the Yo-Yo test will contribute to our in-depth

understanding of the participants’ physical performance profiles

within the context of our study.
2.5 Nutritional status measurement

A rigorous protocol was implemented for the collection of

nutritional data, aiming to comprehensively assess the intake of

macronutrients, including carbohydrates, proteins, and fats, as

well as dietary fiber and cholesterol among the examined players.

For each category, the 24-hour dietary recall method was

systematically applied over a period of seven consecutive days

(Figure 1). This approach involved the use of standard household

units, such as spoons, glasses, and containers, to enable a precise

estimation of the quantities consumed (41, 42). Additionally, the

Remote Food Photographic Method (RFPM) was integrated into

the protocol as a complementary method to meticulously

estimate caloric intake. This methodological decision aligns with

recommendations from scientific studies, particularly the work of

Martin et al. (43). The utilization of RFPM added an extra

dimension to our assessment of energy intake, providing a

detailed visual perspective on the dietary habits of players

throughout the study duration.
2.6 Dietary analysis

A careful analysis of dietary intake was conducted using the

Nutrilog 3.30 software, a tool based on the 2020 Ciqual

nutritional database (44, 45). This software provides an advanced

platform that accurately determines the levels of macronutrients

such as carbohydrates, proteins, and fats, as well as

micronutrients, fibers, and various other food components.

Leveraging the updated Ciqual database, Nutrilog software

facilitated a thorough analysis of participants’ nutritional intake,

thereby offering a comprehensive insight into the composition of

their dietary patterns during the study period.
2.7 Statistical analysis

The statistical analysis of the data collected was conducted

using SPSS version 27 (IBM, SPSS Statistics, Version 27, Chicago

IL), as the primary analytical tool. The mean (mean) was

employed to represent the central tendency of the data and the
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Standard deviation (SD) was used to assess the dispersion or

variability around the mean.

To assess the normality of variables, the Kolmogorov-Smirnov

test was applied. The T-test was used form comparisons of the

means between macronutrient intake and UEFA recommended

values for professional and elite and young groups, as well as

between means of Moroccan recommendations for academic

levels (U15/U14 and U13/U12). And a one-way analysis of

variance (ANOVA) with post-hoc testing and the Tukey test to

identify the level of macronutrient consumption that could

enhance the athletic performance of the studied football players.

For carbohydrates, players were categorized into four groups

based on the quantity consumed: less than 4 g/kg body weight,

between 4 and 5 g/kg body weight, between 5 and 6 g/kg body

weight, and over 6 g/kg body weight. For protein intake,

participants were classified into three groups: less than 1.6 g/kg

body weight, between 1.6 and 2.2 g/kg body weight, and over

2.2 g/kg body weight. To explore the impact of fat intake on sports

performance, participants were grouped into four categories based

on the quantity of fats consumed (between 20% and 25%, between

25% and 30%, between 30% and 35%, and over 35%).

The Pearson correlation test was applied to examine the

relationships between various performance variables and dietary

intake. Statistical significance was assessed with a threshold of

p < 0.05, indicating a level of significance. Additionally, a 95%

confidence interval (CI) was set to enhance result precision.

These analytical procedures, along with the defined significance

criteria, were rigorously adhered to ensure the validity and

reliability of the conclusions drawn from this study.
3 Results

3.1 Anthropometric characteristic’s

Table 1 presents a descriptive analysis of the anthropometric

characteristics of the 253 players studied, distributed across

different age categories. Taking into account the level of

competition, body mass index, basal metabolism, and body fat

percentage, this table shows a trend of increasing values

according to age, except for the body fat percentage, which

decreases with age and increases with the level of competition

with averages of 14.3% (±1.2) to 10.2% (±2.3).
TABLE 1 Descriptive analysis of the sample characteristics (participants playe

Variables S-PROF S-ELIT

Mean ±SD Mean ±SD Me
Age (years) 25.2 3.4 21.5 2.4 16

Height (cm) 179.8 6.4 177.9 4.4 17

Weight (kg) 72.6 6.0 70.6 5.1 63

BMI 22.4 1.2 22.3 1.2 21

BFM (%) 10.2 2.3 12.1 1.3 12

BM (Kcal) 1794 109 1782 84 16

BMI, body mass index; BFM, body fat mass; BM, Basal metabolic; SD, standard deviation; p-valu

level “Y-ELIT”, U15 and U14 categories academic level “U15/14-ACDM”. U13 and U12 categor
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3.2 Performance

The performance results for Yo-Yo IRT measurements are

presented in Table 2, indicating means (m) with standard

deviations (±SD), detailed for each category. The normality of

all variables was tested using the Kolmogorov-Smirnov test,

which displayed a p-value greater than 0.05. To determine

significant differences in performance, especially between

professional and elite levels, as well as between academic

levels, the ANOVA test was utilized with post-hoc testing and

Tukey’s test. The results revealed statistically significant

variations (F = 175.86) among the means of the S-PROF,

S-ELIT, Y-ELIT, U15/14-ACDM, and U13/12-ACDM

categories (p < 0.001). Professional players (S-PROF) exhibited

superior performances, covering a distance of 2,451.5 m ±

162.9, while S-ELIT, U15/14-ACDM, and U13/12-ACDM

achieved distances of 2,200.8 m ± 380.8; 2,101.6 m ± 331.2;

1,677.8 m ± 209.0; and 1,175.1 m ± 174.5, respectively.

Significant differences were observed between the S-ELIT,

U15/14-ACDM, and U13/12-ACDM categories (p < 0.001), as

well as between the Y-ELIT, U15/14-ACDM, and U13/12-

ACDM categories (p < 0.001). However, no difference was

found between the S-ELIT and Y-ELIT categories, with a

p-value of 0.34.
3.3 Dietary status

Table 3 presents data on the athletes (N = 253 participants)

macronutrient consumption as means with standard deviations

(±SD). The total energy intake (TEI) ranges from 2,414 to

3,128 kcal (Figure 2A, Table 3). For the U15/14 and U13/12

categories (academic level), the energy intake aligns with

Moroccan recommendations, with values of 2,521 ± 260 and

2,414 ± 300 Kcal, respectively. However, it significantly deviates

for competitive-level footballers according to UEFA standards,

with a p < 0.001. This trend is also evident in carbohydrate

(CHO) consumption in g/kg of body mass, showing values of

4.5 g/kg BM for U15/14 and 4.2 g/kg BM for U13/12.

Moreover, the S-PROF (3,128 ± 295 Kcal), S-ELIT (2,966 ±

242 Kcal), and Y-ELIT (2,708 ± 233 Kcal) groups exhibit slightly

lower levels compared to UEFA recommendations for

professional and elite players, with significant differences of
rs 253).

Y-ELIT U15/U14 ACDM U13/U12 ACDM

an ±SD Mean ±SD Mean ±SD
.0 0.4 14.8 0.4 12.8 0.4

2.5 4.1 165.1 5.8 155.1 6.2

.1 4.9 55.3 4.6 47.2 7.1

.2 1.2 20.3 1.2 19.5 2.3

.5 1.2 13.4 1.2 14.3 1.2

89 81 1552 84 1404 119

e at 0,05. Senior professional “S-PROF” senior elite group level “S-ELIT”, Young elite group

ies academic level “U13/12-ACDM”.
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TABLE 2 The physical test (Yo-Yo IR1) and significance differences by ANOVA statistical test for All groups of football players.

(I) categories
(N= 253)

Mean (m) ±SD (J) Group of categories Mean difference (I-J) Sig. 95% Confidence interval

Lower bound Upper bound
S-PROF 2451.5 162.9 S-ELIT 250.7306a <0.001 103.688 397.773

Y-ELIT 349.9306a <0.001 202.888 496.973

U15/14-ACDM 773.7124a <0.001 630.016 917.409

U13/12-ACDM 1276.4286a <0.001 1128.645 1424.212

S-ELIT 2200.8 380.8 S-PROF −250.7306a <0.001 −397.773 −103.688
Y-ELIT 99.2000 0.340 −47.098 245.498

U15/14-ACDM 522.9818a <0.001 380.047 665.916

U13/12-ACDM 1025.6980a <0.001 878.655 1172.741

Y-ELIT 2101.6 331.2 S-PROF −349.9306a <0.001 −496.973 −202.888
S-ELIT −99.2000 0.340 −245.498 47.098

U15/14-ACDM 423.7818a <0.001 280.847 566.716

U13/12-ACDM 926.4980a <0.001 779.455 1073.541

U15/14-ACDM 1677.8 209.0 S-PROF −773.7124a <0.001 −917.409 −630.016
S-ELIT −522.9818a <0.001 −665.916 −380.047
Y-ELIT −423.7818a <0.001 −566.716 −280.847
U13/12-ACDM 502.7161a <0.001 359.020 646.413

U13/12-ACDM 1175.1 174.5 S-PROF −1276.4286a <0.001 −1424.212 −1128.645
S-ELIT −1025.6980a <0.001 −1172.741 −878.655
Y-ELIT −926.4980a <0.001 −1073.541 −779.455
U15/14-ACDM −502.7161a <0.001 −646.413 −359.020

Senior professional “S-PROF” senior elite group level “S-ELIT”, Young elite group level “Y-ELIT”, U15 and U14 categories academic level “U15/14-ACDM”. U13 and U12 categories academic
level “U13/12-ACDM”.
aThe mean difference is significant at the 0.01 level (ANOVA test).
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p < 0.001 and p < 0.01 concerning the recommended values for

energy intake. This trend is also reflected in carbohydrate intake

(CHO) in g/kg of body weight, with quantities of 5.0 g/kg,

4.8 g/kg, and 4.7 g/kg of body mass (BM) respectively for the

S-PROF, S-ELIT, and Y-ELIT groups, displaying statistical

significance of p < 0.01 (Figure 2B, Table 3). Also, the percentage

of carbohydrates (CHO%) varies from 53%, 52%, and 50%.

However, the protein intake (PRO) in the S-PROF, S-ELIT, and

Y-ELIT groups aligns with UEFA recommendations, with values of

1.7 g/kg, 1.6 g/kg, and 1.6 g/kg of body mass (BM) with a value of

15% of total energy consumption. As for players in the U15/14-

ACDM and U13/12-ACDM categories, they adhere to Moroccan

recommendations but are slightly below the guidelines for

competitive athletes, with a value of 1.4 g/kg for each category

(Figure 2C, Table 3).

Moreover, an increased consumption of fats (FAT%) is clearly

evident: Only the professionals (27%) do not exceed the limits

stated as recommendations; the other categories often exceed the

recommended levels, presenting values of 35.2%, 36.3%, and

39.2%, respectively, for the Y-ELIT, U15/14 ACDM, and

U13/12ACDM categories (Figure 2D, Table 3). Simultaneously,

an excess of cholesterol levels (Choles) has been observed, with

values ranging from 324 to 415 mg. The young players exhibit

higher values compared to professionals (324 mg ± 63) overall, in

Y-ELIT, U15/14ACDM, and U13/12ACDM categories: 385 mg ±

63, 415 mg ± 63, and 371 mg ± 73, respectively.

Regarding fiber intake, players have quantities ranging from

19.2 to 27.1 g. Young players exhibit lower levels of fiber

compared (p < 0,01) to those of professionals and elite-level players.
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4 Discussion

The main objective of this study was twofold: firstly, to assess

and describe the dietary habits as well as the nutritional status in

terms of macronutrients among Moroccan football players,

taking into account their level of competition. This analysis

explored the evolution of these aspects from adolescence to

adulthood, including the transition to the professional level, in

order to assess whether these dietary patterns align with

international recommendations (5, 46).

Secondly, to establish whether there are correlations between

dietary choices and physical performance in Moroccan’s football

players at different stages of development.
4.1 The players show deficiencies in
meeting the recommended macronutrient
intake

Like all other findings on an international scale (6, 47, 48),

Moroccan players exhibit energy and carbohydrate intake levels

below the established recommendations, a recurring observation

across all player categories. This deficit may be attributed to

specific dietary habits, which seem not to fully meet the

nutritional requirements of high-level sports. In contrast, protein

intake generally adheres to the recommendations, particularly

among adults, indicating a better awareness of the importance of

protein in the athletic diet. However, fat intake consistently
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TABLE 3 Macronutrient intake compared to recommendations of all
football players groups.

Total (N = 253) Mean of variables and
recommendations (5)

p-value

S-PROF (N= 50) Mean ±SD DRIs
TEI (Kcal) 3128 295 3400–4300 <0.01

CHO% 53 4 ———– ——

CHO (g/kg BM) 5.0 0.5 6–8 <0.01

PRO (g/kg BM) 1.7 0.2 1.6–2.2 0.07

PRO% 15 2 ———– ——

FAT (g/kg BM) 1.5 0.2 ———– ——

FAT% 31.8 4.0 20–35 <0.01

Fiber (g) 27.1 1.7 20–40 <0.01

Choles (mg) 324 84 < 300 mg <0.01

S-ELIT (N = 50)
TEI (Kcal) 2966 242 3400–4300 <0.001

CHO% 52 4 ———– ——

CHO (g/kg BM) 4.8 0.6 6–8 <0.01

PRO (g/kg BM) 1.6 0.2 1.6–2.2 0.63

PRO% 15 2 ———– ——

FAT (g/kg BM) 1.6 0.2 ———– ——

FAT% 33.2 4.5 20–35 <0.01

Fiber (g) 24.8 2.8 20–40 <0.01

Choles (mg) 404 66 < 300 mg <0.01

Y-ELIT (N = 50)
TEI (Kcal) 2708 233 3400–4300 <0.001

CHO% 50 6 ———– ——

CHO (g/kg BM) 4.7 0.9 6–8 <0.01

PRO (g/kg BM) 1.6 0.2 1.6–2.2 0.17

PRO% 15 2 ———– ——

FAT (g/kg BM) 1.7 0.3 ———– ——

FAT% 35.2 5.8 20–35 <0.01

Fiber (g) 25.4 2.8 20–40 <0.01

Choles (mg) 385 63 < 300 mg <0.01

U15/U14 ACDM (N = 50)
TEI (Kcal) 2521 260 2500–3000 <0.05

CHO% 50 6 ———– ——

CHO (g/kg BM) 4.5 0.7 5 <0.01

PRO (g/kg BM) 1.4 0.2 1.2

PRO% 13 2 ———– ——

FAT (g/kg BM) 1.8 0.3 ———– ——

FAT% 36.3 6.4 20–35 <0.01

Fiber (g) 21.6 3.2 20–40 <0.01

Choles (mg) 415 63 < 300 mg <0.01

U13/U12 ACDM (N = 50)
TEI (Kcal) 2414 300 2500–3000 <0.05

CHO% 47 6 ———– <0.01

CHO (g/kg BM) 4.2 0.7 5 <0.001

PRO (g/kg BM) 1.4 0.2 1.2

PRO% 13 1 ———– ——

FAT (g/kg BM) 2.1 0.3 ———– ——

FAT% 39.2 6.3 20–35 <0.01

Fiber (g) 19.2 3.6 20–40 <0.01

Choles (mg) 371 73 < 300 mg <0.01

TEI, Total energy intake; CHO, Carbohydrates; PRO, Proteins. FAT% ration of fat energy;

Choles: Cholesterols. Senior professional “S-PROF” senior elite group level “S-ELIT”,

Young elite group level “Y-ELIT”, U15 and U14 categories academic level “U15/14-

ACDM”. U13 and U12 categories academic level “U13/12-ACDM” DRIs: Dietary
Recommendation Intake value.
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exceeds recommendations across all categories, likely due to the

consumption of fast food that is high in fat.

This situation, also observed in previous studies (7), is very

common among high-level athletes, where nutritional imbalances

are often noted, especially in competition. This raises concerns

about the nutritional balance of the players, suggesting that a

reevaluation of dietary choices is necessary to align their diet with

international guidelines and optimize their sports performance.

The analysis of data on energy intake and macronutrient

consumption among the studied football players demonstrate

notable variations. The total energy intake (TEI) generally ranges

between 2,414 and 3,128 kcal with significant differences

observed among categories based on the level of competition.

(Table 3). The S-PROF (3,128 ± 295 Kcal), S-ELIT (2,966 ±

242 Kcal), and Y-ELIT (2,708 ± 233 Kcal) groups show slightly

lower energy intake levels compared to UEFA (5) (Union of

European Football Associations) consensus sports nutrition

recommendations, a significant divergence was found with a

p-value 0.01, for professional and elite players. While the

academic-level categories U15/14 ACDM (2,521 ± 260 kcal) and

U13/12 ACDM 2,414 ± 300 Kcal diverge considerably from

UEFA standards for competitive-level players p-value 0.001.

(Table 3). Although they align more closely with Moroccan

recommendations, there are still disparities to consider.

The observed levels of energy intake are comparable to those

reported in other countries among football players. Similar

studies conducted with senior football players have reported

estimated energy intakes ranging from 2,164 ± 498 kcal to

3,442 ± 158 kcal (7, 49, 50). A study that appears more closely

aligned with our results is the one concerning the professional

players conducted in Japan by Ebine et al. (51) (Japanese

Professional Players aged 22 ± 2 years, 69.8 ± 4.7 kg) with an

energy intake of 3,113 ± 581 for a period of 7 consecutive days.

For elite players, the study conducted by Raizel et al. in 2017

(52) for a sample of 20.7 ± 2.0 years showed an TEI intake of

2,924 ± 460 kcal, and for players in the Dutch Eredivisie, the

study by Bettonviel et al. (11); (Dutch Eredivisie Professional

Players, for 20 players, 20 ± 4 years, 73 ± 8 kg, in 4 days in-

season) reported a value at 2,988 ± 583 kcal. As for young

players, the research by Galanti et al. (53), in 2015 for a

population of 15–16 years old shows an energy intake of

2,844 kcal. Regarding the academic level of pre-adolescents (U13

and U12), the study by Hannon et al. (54); conducted in 2020 for

players in the U12/13 category, 12 ± 0 years old, 43.0 ± 4.8 kg,

indicates an intake of 2,659 kcal ± 187. All these investigations

suggest that energy intakes are below the recommended levels,

emphasizing the players’ struggle tomeet their energy needs adequately.

On the other hand, disparities in Total Energy Intake (TEI)

among the groups likely result from a combination of differences

in anthropometric profiles, particularly age, basal metabolic rate

(RMR), and physical load among the teams. In terms of

performance, it’s relevant to note that professional players, as

illustrated in the figure Figure 2A, have also covered the greatest
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FIGURE 2

The distribution of macronutrients consumed by players from different categories in accordance with the recommendations. (A) The distribution of
Total Energy intake of all categories. (B) The distribution of carbohydrates intake by g/kg/BM of all categories. (C) The distribution of protein intake by
g/kg/MB of all categories. (D) The distribution of Fat intake of all categories.
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distance compared to other categories, while U13/12 players

recorded the smallest distance.

Furthermore, following to the Pearson test, a positive

correlation links was detected between TEI and age (p = 0.001

and r2 = 0.48) Figure 3D, Table 4. Also, between the TEI and

RMR (p = 0.001 and r2 = 0.69) Figure 3E, Table 4, as well as

between TEI and the distance covered during the field test (p =

0.001 and r2 = 0.38) Figure 3C, Table 4. Consequently, it would

be advisable to consider age, resting metabolic rate (RMR), and

the level of competition when developing age-specific training

programs and diets to achieve adequate energy intake and meet

the physical and physiological requirements of this activity.
4.2 Performance was significantly
correlated with macronutrient intake levels,
particularly carbohydrates, across the
studied groups

4.2.1 CHO and performance
The distance covered during the performance test and the

amount of carbohydrates consumed (CHO) showed a positive

correlation, with a p-value of 0.001 (Table 4). This connection is

visually depicted in Figure 3A, illustrating a linear correlation

with a coefficient of determination of R2 = 0.40. Further insights

from the ANOVA test revealed that players who consumed more

than 6 g of carbohydrates per day achieved the better
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performance (p-value 0.001, F = 46.82) compared to the other

groups. These results confirm that an increased consumption of

carbohydrates is associated with enhanced performance in terms

of the distance covered.

These findings were confirmed by a linear analysis for each

category, aiming to determine the extent to which carbohydrate

intake affects performance. They illustrate a linear correlation with

coefficient of determination values of R2 = 0.77, R2 = 0.505, R2 =

0.44, R2 = 0.578, and R2 = 0.4639 for players S-PROF, S-ELIT,

Y-ELIT, U15/14-ACDM, and U13/12-ACDM respectively in

Figures 3A–F. Macronutrients in particular carbohydrates (CHO),

play a vital role by providing the necessary energy, promoting

recovery, and contributing to the overall wellness protection of

players (42), the carbohydrates, the main source of energy for the

body, are broken down into glucose during digestion, and then

converted into adenosine triphosphate (ATP) through glycolysis,

providing the necessary energy for aerobic activities (11). In

relation to the physical demands of football, And it’s known that

the anaerobic system provides rapid but limited energy (10), the

aerobic endurance comes into play during longer periods of game

and recovery between actions. The ability to maintain an effective

balance between these two energy systems is crucial for ensuring

optimal performance throughout the match (1).

Our results, as previously mentioned, demonstrate the players

show deficiencies in meeting the recommended of carbohydrate

values, a finding also observed in similar studies conducted with

senior football players have reported varied estimated
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FIGURE 3

The relationship between mean distance (m) in Yo-Yo IR test and Carbohydrate’s intake in g/kg/BM (CHO). (A) The relationship between mean
distance (m) and Carbohydrate’s intake in g/kg/BM (CHO) for all groups. (B) The relationship between mean distance covered (m) and
Carbohydrate’s intake in g/kg/BM (CHO) for S-PROF (Senior Professionel players). (C) The relationship between mean distance covered (m) and
Carbohydrate’s intake in g/kg/BM (CHO) for S-ELIT (Senior Elit players). (D) The relationship between mean distance covered (m)
and Carbohydrate’s intake in g/kg/BM (CHO) for Y-ELIT (Young Elit players). (E) The relationship between mean distance covered (m) and
Carbohydrate’s intake in g/kg/BM (CHO) for 14/15 ACDM (Academic players). (F) The relationship between mean distance covered (m) and
Carbohydrate’s intake in g/kg/BM (CHO) for 12/13 ACDM (Academic players).
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carbohydrate (CHO) intakes. A study closely aligned with our

results was conducted by Raizel et al. in 2017 (52) for Spanish

senior players, reporting a CHO intake of 5.4 ± 1.9, and by

Hassapidou (55) for the senior players with an age of 24.8 (5.5)

and a CHO intake of 5.3 ± 1.9. Książek et al. in 2020 (56) also

reported an average consumption of 5.1 g CHO/kg BM (body

mass) in professional Polish football players. For adolescents,
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Naughton et al. in 2016 (57) studied adolescents players with an

average age of 14.4 ± 0.5 and a CHO intake of 4.7 ± 1.4. All these

investigations suggest that CHO intakes are below the

recommended levels, emphasizing the players’ struggle to meet their

energy needs adequately. The low consumption of carbohydrates

(CHO) generally corresponds to a low overall energy intake. As

discussed earlier, the literature also confirms improvements in
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TABLE 4 The correlation between distance covered and age, RMR, TEI and Macronutrients intake of all groups among football players.

Variables and Pearson
correlation

Distance covered (m) Age (years) RMR TEI CHO (g/kg BM) PRO (g/kg BM) FAT
%

Distance covered (m) Pearson correlation

Sig. (2-tailed)

Age (years) Pearson correlation 0.717a

Sig. (2-tailed) <0.001

RMR Pearson correlation 0.640a 0.692a

Sig. (2-tailed) <0.001 <0.001

TEI Pearson correlation 0.620a 0.694a 0.831a

Sig. (2-tailed) <0.001 <0.001 <0.001

CHO (g/kg BM) Pearson correlation 0.634a 0.299a 0.179a 0.442a

Sig. (2-tailed) <0.001 <0.001 <0.004 <0.001

PRO (g/kg BM) Pearson correlation 0.595a 0.407a 0.255a 0.399a 0.617a

Sig. (2-tailed) <0.001 <0.001 <0.001 <0.001 <0.001

FAT% Pearson correlation −0.646a −0.391a −0.215a 0.375a −0.858a −0.719a

Sig. (2-tailed) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

TEI, total energy intake; CHO, carbohydrates; PRO, proteins. FAT% ration of fat energy; Choles, cholesterols.
aCorrelation is significant at the 0.01 level (2-tailed).
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soccer performance, both at the technical level (58, 59), and in

physical aspects, due to the consumption of a carbohydrate-rich diet

in CHO. To ensure adequate energy intake, it is highly

recommended to adopt improved nutritional periodization (60)

All these studies suggest that CHO intakes are below the

recommended levels, underscoring the challenges players face in

adequately fulfilling their energy requirements. A low total

calorie intake is typically correlated with low carbohydrate

consumption (CHO). A carbohydrate-rich diet (CHO), as

previously mentioned, has been linked to increases in soccer

performance, both technically (58), physically (59), and at the

technical level. It is strongly advised to use enhanced nutritional

periodization in order to guarantee appropriate energy intake (60).

However, CHO play a crucial role in optimizing football

players’ performance by providing a rapid and effective source of

energy. During a match or intensive training, simple

carbohydrates, such as those found in energy drinks and fruits,

are quickly converted into glucose, offering immediate energy to

the muscles and brain, this rapid availability of glucose helps

maintain a high level of performance and prevents premature

fatigue (61). Additionally, complex carbohydrates, such as those

found in pasta and rice, are essential for glycogen storage in the

muscles and liver (62). An adequate glycogen store allows players

to sustain prolonged efforts and improve their endurance. After

exertion, consuming sufficient sugars promotes quick recovery by

replenishing depleted glycogen reserves, which is crucial for

effectively preparing for the next training session or competition

(5). Furthermore, adequate glucose intake supports concentration,

coordination, and quick decision-making, all essential aspects of

high-level play (6).
4.3 Protein’s intake and performance

The Pearson correlation test revealed a significant positive

association between protein intake levels and performance, with a
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correlation coefficient R2 of 0.64 Figure 4A and (p-value 0.001

(Table 4). These results were validated through linear analysis

within each category, aiming to assess the impact of protein

intake on performance. They demonstrate a linear relationship,

as evidenced by coefficient of determination values of R2 = 0.05,

R2 = 0.167, R2 = 0.384, R2 = 0.374, and R2 = 0.360 for players S-

PROF, S-ELIT, Y-ELIT, U15/14-ACDM, and U13/12-ACDM

respectively in Figures 4B–F). This indicates that despite the

importance of proteins for the energy process, this nutrient has a

greater impact on the performance of young people and

adolescents compared to adults, due to the growth and

development phase of adolescents.

Nevertheless, when examining protein intake (PRO) in the S-

PROF, S-ELIT, and Y-ELIT groups, it is noteworthy that their

consumption aligns closely with the guidelines set by UEFA

(Table 3). Specifically, protein intake values for these groups stand

at 1.7 g/kg, 1.6 g/kg, and 1.6 g/kg of body mass (BM) respectively,

constituting 15% of their total caloric intake. On the other hand,

players falling under the U15/14-ACDM and U13/12-ACDM

categories adhere to Moroccan dietary recommendations, albeit

slightly below the suggested levels for competitive athletes. In these

categories, protein intake has reported at 1.4 grams per kilogram

of body mass, indicating a marginally lower adherence to the

guidelines established for athletes engaged in competitive sports. A

meta-analysis revealed that protein intake fluctuated within the

range of 1.8–2.0 g/kg/day among junior athletes and 1.8–1.9 g/kg/

day in their senior counterparts (7).

On the other hand, These results are consistent with the

consensus within the scientific community, indicating that

maintaining sufficient protein intake could play a pivotal role in

enhancing athletes’ physical performance (63). Essentially, this

recommendation is underscored by the fact that adult athletes

are often advised to increase their protein consumption compared

to inactive individuals (47).

However, Proteins are essential for football players due to their

crucial role in muscle repair and growth for young peoples. During
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FIGURE 4

The relationship between mean distance (m) in Yo-Yo IR test and proteins intake in g/kg/BM (PRO). (A) The relationship between mean distance (m)
and proteins intake in g/kg/BM for all groups. (B) The relationship between mean distance covered (m) and proteins intake in g/kg/BM for S-PROF
(Senior Professionel players). (C) The relationship between mean distance covered (m) and proteins intake in g/kg/BM for S-ELIT (Senior Elit
players). (D) The relationship between mean distance covered (m) and proteins intake in g/kg/BM for Y-ELIT (Young Elit players). (E) The
relationship between mean distance covered (m) and proteins intake in g/kg/BM for U14/15 ACDM (Academic players). (F) The relationship
between mean distance covered (m) and proteins intake in g/kg/BM for U12/13 ACDM (Academic players).
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intense training and matches, muscles undergo micro-tears that

require repair to strengthen and rebuild muscle tissue. Proteins

provide the necessary amino acids for this recovery process,

thereby promoting muscle adaptation and performance

enhancement (15). Additionally, adequate protein intake helps

maintain optimal muscle mass, which is vital for strength, speed,
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and agility on the field. After exertion, proteins aid in reducing

muscle soreness and accelerating recovery, allowing players to

return to peak performance more quickly. By incorporating

sufficient protein into their diet, footballers can maximize their

physical potential and improve their ability to meet the high

demands of the sport (63).
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FIGURE 5

The relationship between mean distance (m) in Yo-Yo IR test and Fat intake in (FAT %). (A) The relationship between mean distance (m) and Fat intake in
(FAT %) for all groups. (B) The relationship between mean distance covered (m) and Fat intake in (FAT %) for S-PROF (Senior Professionel players).
(C) The relationship between mean distance covered (m) and Fat intake in (FAT %) for S-ELIT (Senior Elit players). (D) The relationship between
mean distance covered (m) and Fat intake in (FAT %) for Y-ELIT (Young Elit players). (E) The relationship between mean distance covered (m) and
Fat intake in (FAT %) for U14/15 ACDM (Academic players). (F) The relationship between mean distance covered (m) and Fat intake in (FAT %) for
U12/13 ACDM (Academic players).
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4.4 Fat intake and performance

The acceptable macronutrient distribution range for fats is 20 to

35%, the soccer players are recommended to consume less than 30%

of their total energy needs from fats (5). Our findings indicate that

only the professionals (27%) do not exceed the limits stated as

recommendations (Table 3), the other categories often surpass the

recommended levels, so that the U13/12 ACDM>U15/14
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ACDM>Y-ELI>S-ELIT T>S-PROF. Concurrently, there has been

an excess of cholesterol (Choles) measured, with values varying

from 324 to 415 mg. The young players show a higher value

overall [Y-ELIT (385 mg ± 63), U15/14 ACDM (415 mg ± 63), and

U13/12 ACDM (371 mg ± 73)] than the S-PROF (324 mg ± 63).

A negative correlation was observed between the amount of fat

consumed and distance covered with a p-value = 0,001, (r =−0.64)
Table 4, and R2 =−0.41 Figure 5A, the Players’ performance was
frontiersin.org

https://doi.org/10.3389/fspor.2024.1372381
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Oukheda et al. 10.3389/fspor.2024.1372381
affected by higher fat consumption, especially if it was more than

35%, according to the ANOVA test (with post-hoc testing and

the Tukey test) that showed a (p < 0.001, F = 43.95). Our results

aligned with other research on elite or professional athletes (7).

These results were validated through linear analysis within each

category, aiming to assess the impact of fat intake on performance.

They demonstrate a linear relationship, as evidenced by coefficient

of determination values of R2 =−0.377, R2 =−0.464, R2 =−0.507,
R2 =−0.564, and R2 =−0.560 for players S-PROF, S-ELIT, Y-ELIT,
U15/14-ACDM, and U13/12-ACDM respectively in Figures 5B–F.

The negative values of the coefficient of determination (R2)

observed for fat intake and performance across all player

categories suggest an inverse relationship between fat intake and

performance. These findings imply that higher fat intake might

be associated with lower performance levels among football

players in each category. It noted that fats play a crucial role in

footballers’ nutrition by providing a concentrated and sustained

source of energy. While carbohydrates are the primary energy

source for high-intensity efforts, lipids become an important

energy source during periods of low intensity and prolonged

activities. Essential fatty acids, found in vegetable oils, nuts, and

fatty fish, are also crucial for cell health and hormone

production. Furthermore, lipids help protect internal organs and

regulate body temperature, which is important for maintaining

optimal performance. Balanced fat consumption enhances

endurance and supports effective recovery by providing a

sustained energy reserve. However, it is important to avoid

unhealthy fats, such as trans fats and excessive saturated fats

found in processed foods and fried items, as they can negatively

impact cardiovascular health and overall athletic performance.

As a conclusion the nutritional deficiencies in macronutrients

observed among professional and adult players can be attributed to

several complex factors. Firstly, limited access to a varied and

balanced diet, particularly in terms of fiber from fruits and

vegetables, as well as essential oils such as omega-3 and omega-6,

remains a significant challenge. Additionally, the lack or absence of

adequate meal planning around training sessions and matches

exacerbates this issue. The absence of personalized nutritional

monitoring, combined with insufficient management of dietary

intake and hydration, also contributes to diets that fail to meet the

demands of the sport. Furthermore, psychological pressures related

to performance and social influences, such as the dietary choices of

teammates or trends observed on social media, can lead to eating

behaviors that are not aligned with the specific needs of professional

football. For adolescent and young players, nutritional deficiencies

are often the result of a combination of factors specific to this stage

of development. Eating habits acquired during childhood, often

shaped by family environment and cultural customs, may not

always meet the high energy demands of high-level sports.

Additionally, these young athletes are particularly susceptible to the

influence of social media, which frequently disseminates unvalidated

nutritional information. The lack of regular follow-up by

nutritionists or dietitians exacerbates this situation, as nutritional

needs evolve rapidly during adolescence. The prevalence of fast food

and processed foods, compounded by social constraints and a busy

schedule, also contributes to an imbalance in macronutrients.
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Finally, inadequate meal planning, combined with often demanding

training and school schedules, further limits young players’ ability

to adhere to the nutritional recommendations necessary to support

their growth and sports performance.
4.5 Limitation

The present study primarily focuses on analyzing players’

performance and nutritional status without considering their on-

field positions. Therefore, one limitation is the lack of

consideration for the effort exerted and the nutritional intake

based on playing positions and the tactical schemes of the

coaches. Ultimately, the main objective was to gain a general

overview of the teams and various studied categories, rather than

focusing on specific criteria related to players’ positions.

Additionally, we did not account for cooking methods or the

type of diet followed by the players. Our aim was to provide a

general understanding of dietary intake without delving into

these specific aspects. Future studies may consider these elements

to better contextualize the Moroccan football landscape.

Despite these limitations, this study presents several strengths.

It is one of the few studies that analyze the nutritional intake of

Moroccan football players, providing valuable insights into their

dietary habits in comparison with international recommendations

(FIFA, UEFA). Additionally, the study takes into account a

significant sample of players from different age categories, which

offers a comprehensive overview of the nutritional practices

across various levels of play. Moreover, the study’s focus on

traditional Moroccan meals, adapted for sports performance,

brings a unique cultural perspective to the field of sports

nutrition, contributing to a better understanding of how local

dietary habits may impact performance in high-level athletes.
5 Conclusion

This study provides a comprehensive overview of dietary habits

and their impact on the performance of Moroccan football players.

It is evident that players exhibit shortcomings relative to nutritional

recommendations, particularly regarding carbohydrate intake.

Furthermore, a significant correlation has observed between

protein intake and performance among young people and

adolescents, highlighting the importance of this nutrient for

athletic development. However, additional adjustments in diet

may be necessary to fully meet recommendations. Regarding fat

intake, an inverse relationship has observed with performance

across all player categories. These findings underscore the crucial

importance of a balanced diet tailored to players’ specific needs

to maximize their athletic performance, as well as the necessity

of preventive measures such as age-appropriate training

programs and appropriate nutritional guidance.

For these reasons, we recommend several measures to improve

the nutrition of professional and adult football players, as well as

adolescents and young footballers. It is essential to ensure regular

access to a varied and balanced diet, including fiber, vitamins,
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and essential fatty acids such as omega-3 and omega-6. Nutritional

programs should incorporate specific meal planning tailored to the

demands of training sessions and competitions. The implementation

of personalized nutritional monitoring, conducted by qualified

dietitians or nutritionists, is crucial for adjusting diets according to

the individual needs of athletes. For young players, early

nutritional education will be recommended to promote healthy

eating habits and mitigate the impact of scientifically unfounded

diets. Additionally, appropriate management of hydration and

dietary intake must be ensured. Finally, it is important to raise

awareness among players about the effects of psychological

pressures and social influences on their dietary choices, while

developing stress management strategies that preserve the quality

of their nutrition.
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