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Abstract

The first aim of the research program reported in this thesis was to develop predictive models of
daily and match-related fatigue and investigate the factors associated with subjective recovery in
professional soccer players by analysing the commonly used wellness measures. The second aim
was to explore the validity and reliability of five single-item scales widely used in research and

practice to measure the subjective status of professional soccer players.

In the first study we found, using big data analytics, that daily and match-day fatigue can be
predicted with reasonable accuracy in six professional soccer teams monitored throughout the
entire season (53,294 observations). This study also shows that psychological factors like stress
and mood are important predictors of fatigue (mental fatigue). In the second study of four
professional soccer teams (36,381 observations), we found that subjective recovery is primarily
associated with fatigue and muscle soreness, and that these variables mediate 55% of the
relationship between training load and subjective recovery. Albeit correlative, our findings also
suggest that reducing mental fatigue and muscle soreness may help subjective recovery and
performance of professional soccer players. In the third study involving 186 Italian soccer players,
we investigated the validity and reliability of single-item measures of subjective Fatigue, Sleep
Quality, Muscle Soreness, Stress and Mood. Although correlated to their criterion measures, these
scales do not show a convergent validity to the criterion measures themselves. In conclusion, these
practical and inexpensive single-item scales commonly used to monitor soccer players daily, do

not appear to be a valid assessment of the variable they purport to measure.




Structure of the thesis

This thesis is written in paper style. The thesis consists of a General Introduction, three Paper
Chapters, and a General Discussion. The General Introduction (Chapter 1) includes a narrative
review based on the theoretical framework of soccer and the aims of the thesis. Each Paper
Chapter (Chapters 2, 3, and 4) consists of a stand-alone manuscript reporting studies presented at
national and international congresses and being submitted to relevant international journals for
publication. For consistency, I wrote all manuscripts in AMA style. I am the first author of all these
manuscripts and the contribution of the co-authors of each original manuscript is detailed in the
acknowledgments. A General Discussion (Chapter 5) concludes the thesis. The main purpose of
this section is to integrate the findings across the Paper Chapters, critically discuss them and
provide directions for future research. Additional documents and information not included in

these chapters are collected in the appendixes.




Acknowledgments

This path would not have been possible without the support of many people, who have

contributed to the making of this journey.

My supervisor, Samuele Marcora. Thanks for making me second guess my every thought and
understanding how real science and academia should be. It has been my privilege to know you as

not only my supervisor, but as a friend.

My buddy and colleague Alessio Rossi. Thanks for the endless hours online discussing and working

together.

My fellow PhD candidate, Federico Nigro. Thanks for your input and support. I'm grateful for

this journey with you.
Bortja, Dalton and all the other components of “Marcora’s Lab”, food for the mind.
All the athletes and coaches I've been working with during these years.

My parents, Elia and Marinella. My sister, Chiara. My roots.

My wife Salima, my sons Suley and Elia. You inspired me and gave me strength to reach every

stage of this journey.
Elia, thank you for your smiles, hugs and kisses. Daddy loves you very much.
Suley, I hope that I can provide you with the same inspiration to achieve your life goals.

And finally, Salima, I will be forever thankful for the support you give me every day. I feel it in

me. An important part of this journey is yours.

As this chapter is about to end, I look forward to our next exciting life adventures together.




If you have always done it that way,

it is probably wrong.

Charles Kettering




CHAPTER 1: General Introduction




Soccer is one of the top participation and spectator sport in the world. Thus, due to its increasing
popularity, as well as the amount of financial interest in the game, soccer is one of the most
extensively researched intermittent team sports'. Indeed, there are plenty of subject areas that have
benefitted from scientific knowledge gained from soccer including the natural and physical

sciences, medicine and social sciences'.

The conceptual framework

As research on soccer, especially soccer training, is impressive, conceptual frameworks can be used
to synthesize evidence, help understand the phenomenon studied, inform future research, and
serve as a reference guide in practice. In the scientific process, conceptual frameworks allow
hypotheses to be specified more precisely, even when the main theory's auxiliary or main

assumptions are modified when predictions fail®.

In addition, the specificity of workload personalization requires that the entire monitoring process
be targeted and completed at the same time, methodologically rigorous and multifaceted. The
complex nature of soccer highlights some common problems that may also be found in other
popular team sports. Impressive amount of data too often used to combine variables without a
specific theoretical knowledge generates a complex analysis based on undefined constructs.
Creating a successful monitoring strategy must be developed through all the current research

processes and innovations in sport science.

Several theoretical frameworks have been developed and are nowadays employed in the field,

sometimes representing a guide in understanding and guessing new resilient practical solutions.

Recently, an interesting model of physical training was published by Jeffries and colleagues. It
appears to be the most exhaustive so far because the authors introduced significant new and
expanded concepts. Training prescription of the coaches generates and external and an internal
training load always mediated by individual and contextual factors. Subsequently in the training
effects, it is highlighted how both the acute and chronic training effects of training should be
furtherly subclassified in positive and negative, generating four distinct and related components of
the construct. In addition, the result of this adaptation once again mediated with individual and
contextual factors generates the sport performance outcomes. Improvement, as well as decrement

ot no change, is the full range of possible descriptions of those outcomes.

Investigating and classifying soccer training monitoring methodologies published, could facilitate

the exchange of knowledge about the ideas adopted and developed with soccer players, and their
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scientific validity to practitioners making a conscious choice possible. Moreover, providing an
exploitable interpretation that allows to underline gaps and redundancies present in the

international scientific literature on the topic of soccer.

This conceptual framework for physical training is intended to illustrate the relationship between
stimulus (internal training load), training effects and their measures and sport performance’. For
the development of this conceptual framework applied to soccer, the most cited 150 papers were

analyzed.
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Figure 1. Conceptual framework of physical training as proposed by Jeffries et al.?

Exercise prescriptions

In the conceptual framework, training prescriptions can be described as: “short (single training
session) to long (multiannual periodization) plans defining the nature and organization of the
exercises/training sessions supposed to target factors causally (directly or indirectly) related to
sport performance. The training prescription is influenced and adapted based on performance
models, contextual and individual factors, training effects, previous training load experienced by
the athletes, and coach experience”. Hence, exercise prescription represents the development of

the training ideas to be turned into practice.
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External training load

The term external load implicitly refers to the physical work undertaken by an athlete during the
training session and prescribed in the training plan. Notably, this does not refer to ‘work’ in the
physics sense (force x distance) but more so in a generic manner. Accordingly, the term external
load accommodates quantification and prescription in a variety of manners, enabling the use of a
diverse range of measures and metrics. Some common measures of external load include GPS
derived units (speed, accelerations, etc.) and level of resistance™. In the specific context of soccer
the use of GPS monitoring systems allowed to track the distance covered at a specific speed,

5-10

accelerations, decelerations, accelerometer load, impacts, etc. in small sided games or in

different demands with the ball. Bujalance-Moreno et al. described various situations regarding

1 12-14

small-sided games (SSG)’. Specifically, Casamichana et al."' and Dellal et a , comparing
different kinds of SSG, observed that the high intensity profile during friendly matches was higher
than in SSGs, nevertheless, the global indicators of workload (work-rest ratio, player workload,
and exertion index) and the distance covered per minute were higher for SSGs than for friendly
matches. Regarding game formats, Aguiar et al."” found that the distance covered in the smallest
format (2 vs. 2) was lower than in all other formats (3-,4- and 5-a-side), moreover, this format
presented the lowest number of sprints. Casamichana et al.", Cihan'” and Aasgaard and Kilding"®
investigated the effects of defensive strategies on external training load. Specifically, total distance
and distance covered in high-intensity running zone significantly increased adopting tactical rules
such as man-marking and double-man pressure in SSG protocols. Moreover, Castellano et al."
found that three indicators of external load (total distance covered, player load, and the work-rest
ratio) decreased when goals/goalkeepers were included, but the number of accelerations was
higher in games involving goals/goalkeepers. Arslan et al.*’ found that the distance covered at the
high-intensity running was higher in SSGs with active rest compared to the same with passive rest.
Furthermore, when the type of coach feedback was compared, no differences were found for the
time-motion characteristics (Brandes & Elvers®). Furthermore, Giménez et al.** analysing the
number of ball contacts, observed that during SSGs players performed their highest intensity of

exercise (acceleration of >4 m/s” playing with one touch only.

Internal Training load

Internal Training Load typically refers to the body responses experienced by an athlete during an
exercise or a training session. Both physiological (e.g. heart rate, EMG, salivary, blood, and muscle

samples) and psychological (e.g. rating of perceived exertion - RPE), are representative measures

10
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of internal responses during exercise. The invasive nature of some physiological measures of
internal TL and related difficulties for a daily use can make this way of monitoring unpractical in
a real-world scenario. Differently, the Rating of Perceived Exertion (RPE) is one of the most used
time efficient tools to estimate the internal TL due to the fact that it is reliable, non-invasive and
low-cost. Moreover, previous studies demonstrated its association with physiological variables
such as heart rate, oxygen consumption, respiratory rate, ventilation, and blood lactate

#72 Impellizzeri et al.”” compared the Borg RPE scale* as adapted by Foster™ to

concentrations
Bannister's training impulse, describing the RPE method as simpler, cheaper, and less invasive.
Furthermore, a combination of an external measure of the duration (volume) of specific exercise
ot session with an internal measure of intensity (e.g. the RPE of the session (sRPE)), has been also
used to estimate the subjective players’ Training Load rating (T1.)* (TL = sRPE X training time).
Moreover, in many different team sports such as soccer where the unpredictable nature of the
game makes the TL management complex and competition occurs at least on a weekly basis, this
specifical subjective approach is a simple, quick and inexpensive™". Hence, as players are required
to peak with limited recovery between matches, monitoring internal TL is critical for practitioners

for assessing the psychophysiological responses of their athletes to the external training workload

stimulus performed during the scheduled training programme.

Training Effects

Training effects can be described as the outcomes occurring after a single or multiple training
sessions. In soccer, as in most team sports, all stimuli have acute and chronic responses during
physical, technical and tactical soccer training. The ability to manage long-term adjustments
throughout the competitive season is an important key for improving soccer performance.
Specifically, if the adaptation to these s#izuli lasts more than one training session but less than a
week can be considered acute, contrarywise if the recovery takes more than a week or a microcycle,

the resulting effect can be considered chronic.

Training effects can be further divided into positive effects and negative effects. Determining the
positive or negative effects of training is extremely important to identify signs of expected
outcomes prior to treatment. Formulating a process to measure the training effects for the

validation process itself of metrics and training variables is paramount.

Daily monitoring

In professional soccer, as well as in other professional athletes, balancing between fatigue resulting

from match or training and recovery to be able to play or train again the day after in crucial. An

T —
11
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imprecise relation between exercise prescription, subsequent fatigue and recovery, can lead to an
accumulation of fatigue that can lead to overreaching or overtraining, whereas an excessive
reduction in training leading to detraining. Both statuses are detrimental for performance™. Hence,
many non-invasive monitoring tools serving as valid and reliable indicators of the fatigue and
recovery status in athletes have been developed in the recent years. In a real-world scenario in
professional soccer, those tools should be simple, quick, inexpensive, easy to administer sensitive

to a specific training effect determined by acute or chronic adaptation of daily training load™.

Furthermore, in team sports such as soccer, any monitoring assessment should be administered
frequently during the long and congested competitive period, from summer camp on. During the
competitive season, soccer players compete at least on a quasi-weekly basis, in some periods on
two to three occasions across a 7-day period. This specific consequence highlights the fact that, to
ensure the players are in the best physical and psychological condition, tools to evaluate the
subjective status must be administered daily to track changes in internal training load or in acute /

chronic training effect.

Subjective wellness scales

Subjective wellness questionnaire comprising four or more single-item scales, have been used
extensively to assess the daily overall training effects of athletes during training and
competition®™'™°. Saw et al.* reported how subjective measures could have greater sensitivity

to fatigue, acute and chronic training load, in comparison to objective measures.

Recently, the use of non-invasive and psychometrically validated tools and scales, such as the
Profile of Mood States™, Daily Analyses of Life Demands for Athletes®, Total Quality Recovery®,
and Recovery-Stress Questionnaire for Athletes” became a very common method to assess
subjective status of athletes. Unfortunately, all the scales cited have weekly or monthly timeframes,
that can be useful for individual sports in preparing a long-term competition or event, but not very
useful in professional team sport in which competitions can happen even 3 times in a week.
Moreover, these scales present a low applicability on a daily basis in a professional team-sport

scenario, due to the number of items and their subsequent time-consuming characteristics,

Hence, customized daily wellness questionnaires became very common in team-sport scenarios
for their quickness, easiness of use, potential usefulness and face validity, even though they have

not been validated.

Specifically, AFL research has also shown custom subjective questionnaires to be sensitive to daily,

within-weekly and seasonal changes in training load’"*. Moreover, in a pre-season camp, players

T —
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daily training load was found to be significantly correlated with fatigue, sleep quality, stress, mood
and muscle soreness”. During the course of the season, sensitivity of subjective ratings of 9 items
(i.e. fatigue, general muscle, hamstring, quadriceps, pain/stiffness, power, sleep quality, stress, well-
being) were found to be sensitive to weekly training manipulations, to periods of unloading during

the season and to individual player characteristics’'.

In soccer players subjective ratings of fatigue, muscle soreness, sleep quality and stress have been
used as post-match monitoring™*. Significant large negative correlations were found between
fatigue and s-RPE in professional players. Significant small to very large negative correlations were

found for sleep quality, fatigue and muscle soreness with all internal and external variables®.

Following the framework description, we therefore have four possible permutations of training

effects: acute positive, acute negative, chronic positive and chronic negative training effects.

Acute Positive effects

Regarding acute positive effects, Dello Tacono and Seitz* showed the acute positive effects of two
post-activation potentiation hip thrust-based protocols on subsequent sprint performance. Guerra

Jr. et al.”’

observed that acute plyometric and sled towing stimuli enhance jump performance in
male soccer players. The protocol also indicated a significant difference on CMJ height across
conditions, with ingestion of caffeine (60 minutes pre-test) that elicited a greater response. Morcillo

etal.®

, assessed changes in metabolic and mechanical responses to a specific repeated sprint ability
test. A nearly perfect correlation between CMJ height loss and the lactate concentration was found.
Moderate correlation between speed loss and lactate concentration and a moderate correlation was

also found between speed loss and post-RSA ammonia concentration finishing the RSA test™®,

Acute Negative Effects

Acute negative effects were observed comparing acute inflammatory responses, muscle damage
and hormonal variations according to the eccentric training in soccer professional athletes with
different genetic profiles of ACTN3 (XX, RX and RR)". Recovery kinetics (performance, muscle
damage, and neuromuscular fatigue) after speed-endurance training were also found to induce

short-term neuromuscular fatigue lasting 24 to 72h”.

Many published research on acute effect monitoring hormonal, psycho-physiological,

anthropometric and contextual variables, were not included in the training effects as part of the

sport performance outcomes™”'" ™.

13
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Chronic positive effects

Chronic effects of training can be described when changes are measurable one week after a

treatment ot microcycle. Wong et al.”*

in a concurrent muscolar strength and high intensity interval
training intervention protocol discovered improvements in strength, jump height, 10-m and 30-m
sprint times, distances covered in the Yo-Yo Intermittent Recovery Test and maximal aerobic
speed™. Askling et al. showed that an addition of specific pre-season eccentric strength training
for hamstrings, would be beneficial both for injury prevention and for performance enhancement

15()

in elite soccer players™. Dupont et al*® highlighted an improvement in maximal aerobic speed and

a decrement in the 40-m sprint time due to high intensity interval training. Rennestad et al.”’
detected that one weekly strength maintenance session during the first 12 weeks of the season
allowed professional soccer players to maintain the improved strength, sprint and jump
performance achieved during a preceding 10-week preparatory period. Bujalance et al’. showed

that Small Sided Games (SSGs) can lead to improvements in sprint speed, repeated sprint ability

and change of direction, along with muscular and physiological adaptations.

Chronic negative effects

A long-term negative effect of training is not usually induced voluntarily during a pre-season or a
season, but can hypothetically happen in a contextual and methodological way of speaking. Casajus
et al.”® found no changes in the mean VO,max results in the first test (65.5 mlkg-1.min-1)
compared the second one (66.4 ml.kg-1.min-1). There were no significant differences in maximal

heart rate and treadmill speed at VO,max as well.

Sport Performance Outcomes

The results of the whole training process, from the balance between the positive and negative
training effects, and the influence by contextual and individual factors (such as genetics,
environment, psychological states, level of the opponent, etc) can be described as sport
performance outcomes. The soccer-specific outcome can be measured in various ways using both
absolute (e.g. distance at different speed, etc.) or relative and aggregate measures (e.g.
winning/losing, etc.). Measures of tactical behaviour can be used as lower-level (causal) dimensions
or proxies. Therefore, considering only variables sensitive to training, is important to understand
what aspects of the training process could affect performance. Helgerud et al.”, studied the effects
of aerobic training on performance during soccer matches and soccer specific tests. Results

showed that improvements in aerobic endurance in soccer players improved soccer performance

14
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by increasing the distance covered, enhancing work intensity, and increasing the number of sprints

and involvements with the ball during a match.

Individual and Contextual Factors

In many popular training models of literature, i.e. IR Banister and PerPot models, any other
remaining element related to the primary variables of performance, is described as contextual or

individual factor®¢?

. Jeffries et al.* described as contextual all the factors not part of the main
process (physical training) such as environmental, social, cultural factors, etc. that can influence
the training process or the training outcome (training effect and sport performance). These factors
have an integrated relationship with all components of the conceptual framework, including
bidirectionality with training effects. Contrarywise, characteristics of the individual athlete such as
genetics, psychological traits and states, training background, etc. that can influence the training
process or the training outcome should be described as individual factors® These factors also have

an integrated relationship with all components of the conceptual framework, including

bidirectionality with training effects.

Rampinini et al."’ found that total distance high intensity running and very high intensity running
distance were influenced by the activity profile of opponent teams. They also showed that physical
activity of the players is influenced by their playing position. Barrett et al.”’ analyzed the
relationship between sRPE and playing position reporting that full backs had higher sSRPE when
compared to all other positions. They also analyzed the relationship between sRPE and opponent
teams reporting higher sSRPE-T (technical/cognitive exertion) for matches played against top
teams compared to bottom and middle ranked teams. Mohr et al.” identified the relationship
between quadriceps muscle temperature (T'm) and sprint performance evaluated during soccer
matches. A major finding of the study was that both muscle and core temperature decreased
markedly during the half-time period when players recovered passively. The lower body
temperatures prior to the beginning of the second half were associated with a significant
impairment in sprint performance. Conversely, when players performed a period of moderate-
intensity exercise prior to the second half, body temperatures were maintained, and sprint

performance did not deteriorate.
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Aims of the thesis

The first aim of the research program reported in this thesis was to develop predictive models of
daily and match-related fatigue and investigate the factors associated with subjective recovery in
Italian professional soccer players by analysing the commonly used Wellness scales. The second
aim was to explore the validity and reliability of 5 single-item scales widely used in research and

practice to measure the subjective status of professional soccer players.

Specifically, in Chapter 2, we present, using big data analytics and mediation analysis, the results
of daily and match-day fatigue prediction in six professional soccer teams monitored throughout
the entire season (53294 data collected). Specifically, our main aim was to clarify the predictors for
daily and match-related fatigue in professional soccer players. Moreover, our second aim was to
understand if any of the subjective variables mediates the relation between Training LLoad and

subjective feeling of fatigue. A third and final aim was to assess the accuracy of the predictions.

In Chapter 3, we present, using big data analytics and mediation analysis, the correlates of the
subjective judgement of recovery in six professional soccer teams monitored throughout the entire
season (36381 data collected). Hence, our main aim was to understand the subjective correlates to
the judgement of recovery in professional soccer players. Moreover, our second aim was to
understand if any of the subjective variables mediates the relation between Training Load and

subjective recovery. A third and final aim was to assess the accuracy of the predictions.

In Chapter 4, we wanted to assess the validity of the so-called Wellness single-item scales in Italian
soccer players. Specifically, the first research question was to find whether these single-item
measures of subjective Fatigue, Sleep Quality, Muscle Soreness, Stress and Mood are significantly
correlated with their respective criterion measures (convergent validity). The second research
question was to find if these single-item measures of subjective Fatigue, Sleep Quality, Muscle
Soreness, Stress and Mood are consistent. The third research question was to confirm the existence
of the wellness construct. The fourth and final research question was to understand if any of the

single-item employed was redundant.
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CHAPTER 2: Prediction of daily and
match-day  subjective  fatigue in
professional soccer players: a machine

learning approach
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Abstract

Background - Predicting the state of fatigue in soccer players is useful to design training and
optimize performance. Therefore, the aim of this study was to explore, using a framework of big
data analytics, the most important predictors of daily and match-day fatigue in a group of

professional soccer players using inexpensive and practical data monitoring tools.

Methods — Six professional soccer Italian professional third division (Serie C) teams took part in
this study. Every morning, the players rated fatigue, sleep quality, muscle soreness, stress and
mood. After each training session or match, the session Rating of Perceived Exertion (sRPE) was
obtained and multiplied by duration to calculate the Training Looad (TL). Finally, some contextual
factors, (i.e. distance to previous and next match) were also recorded. A framework of machine
learning models was trained and tested in order to assess their ability to predict the players’ daily

and match-day subjective fatigue.

Results — Machine learning models can accurately predict the players’ fatigue (accuracy 79-84%)
using practical and inexpensive training monitoring tools. Specifically, in the prediction of daily
fatigue, the main related factor was the fatigue rating of the previous day. In the match-day fatigue
prediction psychological factors of the previous day like stress and mood were the most influential

factors.

Conclusion — Sport scientists and coaches can use this framework of big data analytics to simulate
the effects of different training programs in order to maximize players’ readiness and reduce the

potential drops in performance associated with daily and match-day fatigue.

Keywords: wellness; rating of perceived exertion; readiness; multidimensional approach.
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Introduction

Fatigue is a complex and multifaceted phenomenon normally induced by prolonged physical
and/or cognitive tasks. It has two main dimensions: i) subjective fatigue, represented by feelings
of high effort required to perform a task, tiredness and lack of energy, and ii) a reduction in

objective measutes of physical and/or cognitive performance’.

In soccer players, fatigue is induced by both matches and training. During soccer matches, fatigue
has been observed through a reduction in measures of physical performance: i) after short-term
intense periods in both halves,> ii) in the initial phase of the second half*, and iii) towards the
end of the game™***. In these studies, fatigue was quantified as decrements in leg muscle strength
or in maximal speed, acceleration, and deceleration. In professional soccer players, the perception
of fatigue or a specific training session is related to a performance reduction (maximum voluntary
contractions, sprint performance decrements, external workload due to a combination of central
and peripheral factors. Moreover, the effects of fatigue are also detrimental for technical abilities

10,11

like passing and shoo'cing7 both subsequent to matches® as to training sessions . Tactical

behaviours also seem to be negatively affected by fatigue'**. From a subjective point of view,

15-21

increased ratings of fatigue have been observed during intensified training periods or following

matches® 2,

These studies were important to quantify fatigue in soccer players and demonstrate its negative
impact on performance. However, these employed data collected in a relatively small number of
players over short periods of time (from a single match to few weeks of training). Such small data
sets are not sufficient to develop predictive models of fatigue in soccer players. Understanding the
factors that can predict the fatigue state of soccer players can be useful to anticipate the
performance capacity of a specific day. With regards to match day, predicting fatigue can be used
to ensure that players are not fatigued so that they can perform optimally. With regards to
predicting fatigue before a training session, it can be useful to modulate the load of a specific
session in order to optimize individual training as much as possible. To have the chance of an
individual modulation for each training, nowadays the collection of daily measures has become
very common in soccer. Specifically, in professional soccer, it is common practice to collect many
measures such as: i) distance, speed and acceleration variables for external training load, ii) sSRPE
and heart rate for internal training load, iii) wellness and/or recovery questionnaires as subjective
measures. This daily monitoring practice enables the collection of very large datasets through one

or more seasons. Those collections can be useful to create machine learning predictive models for
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next-day fatigue or match day related fatigue to help practitioners modulate training in a day-by-

day real world scenario.

In this study we applied this machine learning approach to thousands of data resulting from the
daily monitoring of each player from six professional soccer teams during a full competitive season,
from summer camp to the eventual playoffs. The aim of the study was to develop predicting
models that can help identify the most important factors that can predict daily fatigue and fatigue
specifically related to the day of the match (match-day fatigue). Fatigue here refers to the fatigue

state experienced by the player in the morning before performing any training or match.

Methods

Subjects

Six Italian professional third division (Serie C) soccer teams were recruited for this study for a total
of 171 players. Six complete championship seasons were recorded from summer camp on, for
each team. The data recording was conducted between July 17th 2017 and May 11th 2023. None
of the teams have coaches or tactical ideas in common. Descriptive statistics of the players are
provided in Table 1. After a detailed description of the procedure and possible risks, players
voluntarily decided to participate by signing an informed consent. The project was conducted
according to the Declaration of Helsinki and was approved by the Bioethics Committee of the

University of Bologna.

Table 1 Players’ descriptive statistics (mean T standard deviation).

Teams Age (yrs) Height (cm) Weight (kg)
Team 1 22.78%£5.91 181+4 78.9414.51
Team 2 21.14%3.44 182+5 79.12%£7.56
Team 3 24.87£4.96 181%6 74.2518.55
Team 4 21.91£3.95 180+4 73.1715.87
Team 5 23.68%£4.97 18216 77.7215.57
Team 6 21.91£3.95 180%5 75.3717.12
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Data collection

Every day, usually in private and at a consistent time in the morning, in any case before each
training session or match, the players a Wellness Questionnaire (WQ)*. Specifically, players
provided subjective ratings of fatigue, sleep quality, muscle soreness, stress and mood. Each single-
item scale was a 5-point Likert scale where 1 and 5 indicate the highest and lowest values of
wellness for each item, respectively. Finally, about 30 minutes after the end of each training session
or match, the players rated how hard the training session or match was (sSRPE) by using the 10-
point scale (CR-10 Borg’ scale), where 0 refers to resting state and 10 to maximal effort™. The
Training Load (TL) for each training session or match was computed as the product between
sRPE and the duration in minutes (time). In each analysis, TL refers to the load of the training
session or match performed the day before the subjective ratings of recovery, fatigue, sleep quality,
muscle soreness, stress and mood were provided. Training load can be simply described as a label
attributed to a higher-order construct overarching other interrelated sub-dimensions such as sSRPE
and time specifically”. The players were familiar with the rating system having completed the
process over the preseason period and been instructed in its use by the head of performance at the
club. In order to take into consideration the intraindividual difference in individual rating, all the
scores (i.e., fatigue, muscle soreness, sleep quality, mood, and stress) and TL were normalized by
players between 0 and 1 that refer to minimum and maximum score values, respectively. In order
to create the multiclass dependent features for our machine learning problems, the Fatigue scores
were split by players’ data distribution in three main classes as showed in Table 2: Low (lower than
33rd percentile); Moderate (between 33rd and 66th percentiles); Severe (higher than 66th
percentile). Moreover, the distribution of the Fatigue classes as the season went for all the teams

are provided in Figure 1.
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Table 2. Fatigue classes’ descriptive statistics. SD, min and max refer to standard deviations,
minimum values and maximal values, respectively, while 25%, 50% and 75% refer to the
interquartile values.

Team Class Count Mean SD min 25% 50% 75% max

Low 3619 176 043 1 2 2 2 2
Team 1 Moderate 1098 244 050 2 2 2 3 3

Severe 1006 324 052 2 3 3 3 5
Low 3777 1.61 049 1 1 2 2 2
Team 2 Moderate 882 256 050 2 2 3 3 3
Severe 1441 323 045 3 3 3 3 5
Low 3966  1.59 049 1 1 2 2 2

Team 3 Moderate 539 262 051 2 2 3 3 4

Severe 724 323 045 3 3 3 3 5

Low 2589 171 045 1 1 2 2 2
Team 4 Moderate 604 2,61 051 2 2 3 3

Severe 433 333 063 2 3 3 4 5

Low 2500 146 074 1 1 2 3 3
Team 5 Moderate 994 243 084 2 2 3 3 4

Severe 1105 273 075 2 3 3 4 5

Low 3276 1.63 048 1 1 2 2 2

Team 6 Moderate 797 228 045 2 2 3 3 3
Severe 861 3.17 043 2 3 3 3 5

29



= low fatigue
moderate fatigue
= severe fatigue

60-50-120T
$0-50-1202
6Z-70-120Z
YZ-r0-120T
6T1-r0-120C
1-0-120Z
60-70-120Z
0-r0-120C
0£-€0-120C
SZ-£0-120Z
0Z-£0-T20Z
ST-£0-120T
0T-€0-1202
G0-£0-T20Z
8¢-20-1¢0C
£¢-20-120¢
81-20-120Z
£1-20-120Z
80-20-120T
£0-20-120Z
6Z-10-120T
PZ-10-1202
61-10-1202
1-10-1202
60-10-120Z
0-10-1202
0€-21-0202
SZ-Z1-0Z02
0e¢-¢1-0coc
ST-Z1-0202
01-21-0202
S0-Z1-020C
0E-1T-020T
SZ-11-0202
0Z-11-0202
ST-1T-020T
0T-11-0202
G0-1T-0202
1E-0T-0202
92-01-020C
T¢-0T-020C
9T-0T-020Z
11-0T-0202
90-0T-020C
10-0T-020Z
9Z-60-020Z
TZ-60-020C
91-60-020C
11-60-020Z
90-60-0202
10-60-020C
12-80-0202
£Z-80-020¢
LT-80-020C
21-80-020Z

s = =] o o

=}
=1 «© =} = ~N
a

(%) sasse|d anblied

moderate fatigue

- evere fatigue

E
£
&
=
2

+0-50-810Z
6Z-70-810Z
PZ-#0-810Z
61-70-810C
P1-70-810C
60-¥0-810Z
#0-+0-8102
0£-€0-8T0Z
SZ-£0-8T0Z
02-€0-8102
ST-£0-810Z
0T-£0-8T0Z
S0-£0-810C
B8T-T0-810C
€Z-20-8102
81-Z0-810Z
€1-20-810Z
80-Z0-8T0Z
£0-20-810Z
6Z-10-810Z
$Z-T0-8T0Z
61-T0-8T0C
¥1-10-8102
60-10-8T0Z
#0-10-8T0Z
0E-ZT-LT0Z
SZ-ZT-L10Z
0Z-ET-LT0Z
ST-ZT1-L102
0T-ZT-LT0Z
S0-ZT-LT0C
0€-TT-LT02
SC-IT-LT0Z
0Z-TT-LT0Z
ST-TT-LT0Z
0T-TT-LT0Z
SO-TT-LT0Z
Te-0T-LT0C
9Z-0T-LT0Z
TZ-0T-LT0C
9T-0T-L102
T1-0T-LT0Z
90-0T-£T0Z
T0-0T-LT0Z
9Z-60-LT0Z
TZ-60-LT0Z
91-60-LT0C
T1-60-LT0Z
90-60-LT0Z
T0-60-L10Z
LZ-80-LT0C
€Z-80-£102
£1-80-£T0Z
Z1-80-LT0Z
L0-80-LT0Z
Z0-80-LT0C
87-L0-LT0Z
€2-L0-LTOZ
8T-L0-LT0Z

=4 Q 2 =} =} o
g ® ©® ¥ 9«

(%) sasse|d anbiieq

moderate fatigue

—ow fatigue
. cevers fatigue

$1-60-220Z
60-50-2Z0C
+0-60-2202
6Z-70-2Z0T
YZ-v0-2Z02
61-10-220¢
P1-v0-2T0C
60-¥0-2Z0Z
¥0-¥0-2202
0E-€0-¢C0C
SZ-£0-2T0C
0Z-€0-2Z02
ST-£0-C20C
01-€0-¢C0C
S0-€0-2Z0Z
8e-20-220Z
€€-20-220¢
81-20-2Z0Z
£1-20-TZ0T
80-20-2Z0T
£0-20-2202
6Z-10-2202
YZ-10-220T
61-10-2202
¥1-10-2202
60-10-C20C
8Z-C1-120Z
£2-¢1-1202
8T-ZT1-120Z
ET-CT-120C
80-Z1-120Z
£0-7T-120C
8Z-TT1-1Z0Z
£2-11-120Z
81-11-1¢0¢
E£T-TT-1202
80-11-1202
£0-TT-1¢0C
6Z-0T-120C
vZ-01-1Z02
61-0T-1202
1-01-120¢
60-0T-1202
P0-0T-120Z
6Z-60-120¢
10-10-1202
20-10-120C

(R
TR

i

fi
||”||

I

o o o o o
g ® © F &

(%) sasse|2 anbiieq

moderate fatigue

0w fatique
m severs fatigue

§0-50-2202

0€-v0-220¢

ST¥0-ZZ0Z

0C-¥0-220C

ST-¥0-ZZ0Z

T

01-¥0-220Z

§0-¥0-220Z

T€-€£0-2202

|!

9Z-£0-220Z

1Z-€0-2202

91-£0-2202

11-€0-¢20¢

|
il

90-£0-220Z

Il

10-£0-220C

-70-T20T

61-20-220Z

¥1-20-220Z

<
£
G
@

u"

60-20-220Z

¥0-20-220Z

[]

0€-10-2202

SZ-10-220Z

0e-10-220z

S1-10-ZZ0Z

01-10-220C

S0-10-Z20C

T€-Z1-1202

9¢-Z1-120Z

1Z-Z1-1202

.l

91-Z1-1202
11-Z1-1202

90-21-1202

el (AR
m 8 6 4 2

(%) sasse|d anbiyeq

|
[“||||“|H]

i

moderate fatigue

= o fatigue
- severe fatigue

€1-50-£20Z
80-50-£20Z
£0-50-£202
8Z-10-£20Z
£2-10-£202
81-¥0-£20C
E£T-¥0-£20C
80-v0-£202
£0-¥0-£20Z
6Z-£0-£20Z
$Z-€0-£20C
6T-£0-£20C

PI-€0-EC0C
60-£0-£202

| \
|I‘|

DRI \||.

o
=1
—

(

%

¥0-£0-£20Z
LZ-70-£20T
[ ZZ-70-E20T
LT-20-£202
Z1-20-£202
L0-20-£20C
Z0-20-£20C
- 82-107£202
£2-10-£202
81-T0-€20Z
£1-10-£20C
80-T0-£20Z
€0-T0-£20Z
62-¢1-¢20T
eg-g1-zene
L1-21-220C
[ASARAd1T4
£0-2T-2202
T0-21-220Z
9Z-1T-220C
TZ-11-220C
9T-11-220Z
TT-11-2¢02
90-TT1-2¢0C
TO-T1-220Z
£Z-0T-220Z
€Z-01-2eoe
L1-0T-220Z
Z1-0T-220Z
£0-0T-220Z
20-0T-220Z
L2-60-2202
€e-60-220¢
LT-60-220Z
ZT-60-220Z
£0-60-2202
Z0-60-220Z
8¢-80-220T
£2-80-220C
81-80-220Z
€1-80-2202
80-80-Z20Z
£0-80-220Z
$0-10-220Z

8 8 8 ’& °

) sasse|d anbiied

30



Team 6

B i

—
o
=3

=]
<

L=
=1

- low fatigue
moderate fatigue
= severs fatigus

&

[
o

Fatigue classes (%)

2022-08-08

2022-08-13
2022-09-02

2022-09-07
2022-12-06

2022-12-11
2023-01-05

2023-01-10
2023-01-30

2022-08-18
2022-08-23
2022-08-28
2022-09-12
2022-09-17
2022-09-22
2022-09-27
2022-10-02
2022-10-07
2022-10-12
2022-10-17
2022-10-22
2022-10-27
2022-11-01
2022-11-06
2022-11-11
2022-11-16
2022-11-21
2022-11-26
2022-12-01
2022-12-16
2022-12-21

2022-12-31
2023-01-15
2023-01-20
2023-01-25
2023-02-04
2023-02-09
2023-02-14
2023-02-19
2023-02-24
2023-03-01

2023-03-06
2023-03-11

2023-03-16

2023-04-05

2023-04-10
2023-04-20

2022-12-26
2023-03-21
2023-03-26
2023-03-31
2023-04-15
2023-04-25
2023-04-30
2023-05-05
2023-05-10
2023-05-15
2023-05-20

Figure 1. Distribution of Fatigue classes as the season went by for each team.

Data preprocessing for daily analysis

For the daily analysis, data preprocessing is mandatory to perform the analysis correctly. Data
preprocessing permits to aggregate the data time series to create indexes that provide more details
about players’ history. In particular, in addition to the daily values, two types of aggregations were
computed for each independent feature (i.e., fatigue, sleep quality, muscle soreness, stress, mood
ratings of the current day, sSRPE and time of the previous day): i) exponential weighted moving
average of past 7 days (Acute); ii) exponential weighted moving average of past 28 days (Chronic).
The weight of both Acute and Chronic aggregation methods was computed with a specified decay
in terms of span (2/(SPAN+2))”.

Data analysis

In this section we describe all the analysis conducted in this study. In particular, cross-correlation
analysis (section 2.4.1.) was performed in order to detect time series association between TL and
fatigue. The results of this analysis will permit us to assess the time lag between the two-time series.
Based on the result of this analysis a framework of big data analytics was developed in order to
predict the Fatigue of the next day and match (section 2.4.2.). Finally, in accordance with the cross-
correlation and prediction analyses, a mediation analysis was conducted in order to assess if the
Fatigue is directly affected by TL or is mediated by other self-reported wellness scores (section

2.4.3.). All the analyses were performed by using python 3.8 programming language.

Cross-correlation analysis

In order to assess the time series relationship of TL to fatigue, a cross-correlation analysis was
conducted. Cross-correlation is a measure of similarity of two series that permits to objectively

determine how well they match up with each other and at what point the best match occurs. The
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correlation coefficient between the two times series could be ranged from -1.0 to +1.0. The closer

the cross-correlation value is to 1, the more the two times seties are similat.

Machine learning approach

Two different analyses were performed, the first one (A) was developed by predicting next day
fatigue by the preceding fatigue, sleep quality, muscle soreness, stress and mood perceptions and

TL, while the second one (B) refers to the prediction of match-day fatigue, in particular:

- Dalily fatigue (A) takes into consideration the history of the players in addition to daily
features. In particular, the training history was computed as Acute (moving average of the
previous 7 days) and Chronic workloads (moving average of the previous 28 days). To this
aim, the Exponential Weighted Moving Average (EWMA) function with span decay on
each normalized independent feature was used. Moreover, some contextual features that
could be relevant to the perceived players’ wellness status were also recorded: i) distance
to previous match (MDy); 1i) distance to next game (MDminu). The main objective of this
analysis is to understand fatigue tail and variations regardless of the day in the weekly
schedule. Furthermore, all the chronic, acute, daily and contextual variables converge in
the prediction of next day fatigue (fatigue d+1);

- Match-day fatigue (B) is constructed by focusing on match day fatigue. The predictive
variables used for this prediction are based on the daily determinants on a weekly schedule
(from d-1 to d-6 for all the variables, i.e. sleep, muscle soreness, fatigue, stress, mood, sRpe
and time). Furthermore, all the variables analyzed for a weekly microcycle converge in the
prediction of match-day fatigue. Only weeks with 1 match per week were used for the

analysis.

A framework of big data analytics was developed in order to predict players’ fatigue of the next
day (daily fatigue) and on the match one (match-day fatigue). To these aims we train and test four
machine learning models: i) Decision Tree classifier (DTC); if) XGBoost classifier (XGB); iii)
Random Forest Classifier (RFC); iv) Logistic regression (LR). Additionally, to assess the validity
of the models trained, we compare the prediction results with a stratified dummy classifier model
(Bs). Actually, Bs predicts the classes using a simple rule based on classes’ distribution in the train
set. This classifier is useful as a simple baseline to compare with the real classifiers. Even if machine
learning models show high predictive accuracy, if the Bs performance is similar or higher than the

trained models, these latter models are not able to accurately predict the output classes.
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The models were validated by a train-test approach. This validation approach randomly splits the
dataset into two main datasets, i.e. train and test sets. The train set (70% of the entire dataset) was
used to train the machine learning models, while the test set (30% of the entire dataset) was used
to evaluate the prediction ability of these models. The train and test split are performed by using
a stratified approach, which permits to split the example in the dataset in the train and test sets in

accordance with the distribution of WI values.

In the train set of both the validation approaches, a recursive feature elimination with 3-folds
cross-validation (RFECV) was performed to select the most important features to fatigue
prediction. This approach permits to reduce the feature dimension space increasing the

interpretability of the models and their accuracy.

Precision, Recall and F1-score for each class and the accuracy were computed to detect the model's
goodness. Precision (specificity) is the ratio of correctly predicted positive observations to the total
predicted positive observations, while recall (sensitivity) is the ratio of correctly predicted positive
observations to all observations in the actual class. Additionally, F1-score is the weighted mean of
precision and recall. Finally, Accuracy is the ratio of correctly predicted observations to the total

observations.

To globally and locally explain the decision-making process of the models, we compute SHapley
Additive exPlanations (SHAP) values that allow us to explore the relationships between variables
for predicted cases. In particular, SHAP assigns to each feature an importance value for a particular
prediction (based on a linear function) permitting to evaluate the influence of each feature to final
prediction. Moreover, the collective SHAP values can show how much each predictor contributes,
either positively or negatively, to the target variable. Understanding why a model makes a certain
prediction can be as crucial as the prediction's accuracy in many applications. Actually, inspecting
the reasoning undetlying the model's decisions can provide more profound insights into the

differences in Fatigue classes.

Mediation analysis

TL is, by definition, the only logical key that the practitioner can use to affect and modulate the
fatigue of the next day for each player. In order to detect if and how the relationship between TL
and Fatigue d+1 (Daily fatigue) or TL d-1 and Fatigue (match-day fatigue) is direct or mediated by
the other perceived daily items (i.e. mood, sleep quality, muscle soreness, and stress) a mediation
analysis was conducted. In order to take in consideration the assumption of related pairs, a repeated

measures mediation analysis was performed. In particular, Marginal Regression Model using
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Generalized Estimating Equations based on Autoregressive covariance structure was used to meet

both time series and repeated measures assumptions.

Results

Cross-cotrrelation

Section S1 in the supplementary material shows that TL is strongly related to Fatigue of the next
day in all the soccer teams. This result indicates that the TL of the current day affects the fatigue
(r>0.88) of the following days in all the soccer teams. For this reason, additionally to contextual
features, the machine learning models are developed in order to predict Fatigue of the next day

based on the TL of the current day, the past TL, the items of wellness index until the current day.

Daily fatigue (A)

Fatigue prediction

Table S1 in supplementary material provides the prediction goodness of the machine learning
models on train-test scenarios. In particular for Fatigue prediction, XGB shows the highest
predictive goodness for Fatigue in all the teams (Team 1: accuracy = 0.81; Team 2: accuracy =
0.80; Team 3: accuracy = 0.80; Team 4: accuracy = 0.79, Team 5: accuracy = 0.85, Team 6: accuracy
= 0.87). All the machine learning models for Fatigue (Supplementary material Table S1) show
higher predictive ability compared to the baseline (Bs) corroborating the fact that these models are

able to detect patterns into the data that permits discrimination among Fatigue classes.

Figure 2 and Table 3 show the importance of each feature on the decision-making process for

daily fatigue in all the six soccer teams.

The most important variable for daily fatigue prediction appears to be fatigue (30.4%). The other
determinant variables for prediction are MDpus (15.1%), stress (11.7%), MDumiaus (11.3%), and
mood (6.2%). Hence almost all the most important variables are related to the day previous to the

prediction and to the contextual factors representing the distance of the training to the matches.

The general feature influence of every variable for all the teams was reported in Figure 3. This
figure shows the relationship between individuals’ features values and the probability of being part

of a specific class. Positive relationship (green cells) indicates that the higher this value is, the higher
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the probability to be part of that specific class is, while vice versa for negative relationships.
Specifically, a strong correlation is present in the relationship between Severe Fatigue status, sSRPE
and fatigue of the previous day and a moderate correlation between Severe Fatigue status and High
stress and bad mood and mood.... underlining how an increase of these variables induce a growth
in the fatigue status. Contrariwise, SRPE and fatigue of the previous day show a strong negative
correlation with a Low Fatigue status together with a moderate negative correlation with timeeue
and mood.cr. The influence of each feature on Fatigue prediction slightly changes among soccer
teams indicating that the fatigue status is affected differently in accordance with players’, teams’
and training schedules’ characteristics. Even with this small difference between teams, the models
could be considered generalizable due to the fact that the best model trained on each team is
accurate to predict Fatigue classes in the others. As a matter of fact, accuracy of the best model
trained on one team and tested on the other teams is strong (Table 3). However, due to small
differences in feature, influence in the six soccer teams showed in Figure 3 does not permit the
same prediction ability detected when the models are trained and tested on data derived from the

same soccer team.
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Figure 2. Feature importance for the best machine learning models for all the variables and

Fatigue d+1 in all the teams.
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Table 3. Feature importance for each team.

Team Team Team Team Team Team 6 all std
1 2 3 4 5

Fatigue 33.41 2276 24.56 26.03 33.41 42.05 30.37 6.65
MD plus 2420 2147 0.00 26.06 0.00 19.14 15.14 1092
Stress 14.35 31.18 5.11 14.96 4.58 0.00 11.70  10.23
MD minus 15.59 16.67 0.00 17.83 0.00 17.74 11.30 8.03
Mood 12.45 0.00 6.57 0.00 7.62 10.69 6.22 4.80
Muscle soreness 0.00 0.00 6.81 0.00 5.40 10.38 3.76 4.05
sRPE 0.00 0.00 10.63 0.00 11.63 0.00 3.71 5.25
Stress acute 0.00 0.00 4.46 15.12 0.00 0.00 3.26 5.55
Sleep chronic 0.00 7.92 5.66 0.00 3.80 0.00 2.90 3.13
Time 0.00 0.00 5.32 0.00 4.72 0.00 1.67 2.37
Mood acute 0.00 0.00 5.58 0.00 4.36 0.00 1.66 2.37
Sleep 0.00 0.00 5.27 0.00 4.38 0.00 1.61 2.29
Soreness chronic 0.00 0.00 5.30 0.00 4.23 0.00 1.59 2.27
Muscle soreness acute 0.00 0.00 4.93 0.00 3.73 0.00 1.44 2.07
Stress chronic 0.00 0.00 4.81 0.00 3.77 0.00 1.43 2.04
Fatigue acute 0.00 0.00 4.98 0.00 0.00 0.00 0.83 1.86
Fatigue chronic 0.00 0.00 0.00 0.00 4.63 0.00 0.77 1.73
sRPE chronic 0.00 0.00 0.00 0.00 3.73 0.00 0.62 1.39
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Figure 3. General influence of individuals’ features on predictions. This plot shows the
correlation coefficient between SHAP values (probability to be part of a fatigue class) and
features’ values. Green bars refer to a positive correlation, while the red ones show a negative

relationship.
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Table 4. Accuracy of the XGB model trained on one team and tested on the other teams.

Training
Team 1 Team?2 Team3 Team4 Team5 Team6
Team 1 --- 0.68 0.61 0.64 0.63 0.65
Team 2 0.61 -—- 0.63 0.69 0.65 0.67
Team 3 0.71 0.67 --- 0.64 0.66 0.69
Test
Team 4 0.64 0.67 0.71 - 0.69 0.71
Team 5 0.65 0.63 0.68 0.69 - 0.69
Team 6 0.68 0.64 0.69 0.67 0.69 ---

Mediation analysis

A statistically significant total influence of TL on fatigue d+1 was detected (coefficient = -0.118 [-
0.156, -0.081]; p-value < 0.001). The mediation analysis (Figure 4) shows a statistically significant
direct influence (coefficient = -0.069 [-0.094, -0.042]; p-value = 0.55) of TL on Fatigue d+1. This
relation is strongly mediated by muscle soreness (coefficient = -0.043 [-0.082, -0.047]; p-value <

0.001), sleep (coefficient = -0.019 [-0.022, -0.017]; p-value < 0.001) and stress (coefficient = -0.009

[-0.012, -0.007]; p-value < 0.001). The other perceived items do not mediate this relationship.
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Figure 4. Mediation analysis on daily fatigue

Match-day fatigue (B)

Fatigue prediction

Table S2 in supplementary material provides the prediction goodness of the machine learning
models. In particular for predicting match-day Fatigue, XGB shows the highest predictive
goodness for Fatigue in all the teams (Team 1: accuracy = 0.70; Team 2: accuracy = 0.71; Team 3:
accuracy = (0.72; Team 4: accuracy = 0.77; Team 5: accuracy = 0.82; Team 6: accuracy = 0.70).
Supplementary material Table S2 shows that all the machine learning models are valid to estimate
match-day Fatigue because the XGB model shows higher predictive performance compared to the

baseline one (By).

Figure 5 shows the importance of each feature on the decision-making process for match-day
Fatigue in all six soccer teams. All the variables of the day before the match are in the decision
making to predict match-day Fatigue together with mood d-2. Specifically, stress d-1, mood d-1
and mood d-2 and sleep d-1 (9.30%, 9.40%, 7.61% and 8.53% respectively) are the most relevant
variables in the prediction. Muscle soreness d-1, fatigue d-1, sRPE d-1 and time d-1 also have

relevancy in the prediction model even if lower than the previous ones. All the other physical,
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psychological or environmental variables describe a mare magnum with little importance in the

decision making of the process.

The general feature influence of every feature for all the teams was reported in Figure 6. The
influence of each feature on match-day fatigue prediction slightly changes among soccer teams
indicating that the fatigue status is affected differently in accordance with players, teams and
training schedules characteristics. Even with this small difference between teams, the models could
be considered generalizable due to the fact that the best model trained on each team is accurate to
predict Fatigue classes in the others. As a matter of fact, accuracy of the best model trained on one
team and tested on the other teams is strong (Table 6). Not surprisingly, in figure 6 is highlighted
how every fatigue-1, sleep-1, stress-1 and mood-1 appear to have a strong negative correlation
with Low Fatigue class, while muscle soreness-1 has a moderate negative correlation with Low
Fatigue class. Contrarywise, sRpe-1, sleep -1, mood-1 and mood-2 appear to have a positive

correlation with Severe Fatigue class.
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Figure 5. Feature importance for the best machine learning models for the perceptual variables

in all the teams.
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Table 5. Feature importance in each team.

Team1 Team2 Team3 Team4 Team5 Team6 all Std

mood_1 4.01 13.77 2.68 7.66 10.38 17.90 9.40 5.31
stress_1 10.70 8.86 2.50 11.48 0.00 12.95 9.30 3.65
sleep_1 3.45 4.20 2.27 11.86 7.45 21.94 8.53 6.78
mood_2 6.71 8.72 2.87 13.16 6.59 0.00 7.61 3.36
soreness_1 2.71 7.74 3.79 7.89 9.78 9.48 6.90 2.70
fatigue_1 2.85 3.52 4.95 5.93 13.58 4.84 5.95 3.56
RPE_1 3.45 3.88 6.55 2.78 8.69 6.23 5.27 2.07
time_1 5.10 3.76 3.16 4.37 8.45 0.00 4.97 1.86
mood_4 5.34 0.00 1.92 0.00 7.45 0.00 4.90 2.28
soreness_5 0.00 0.00 2.35 0.00 6.69 0.00 4.52 2.17
mood_3 6.44 4.06 1.72 0.00 0.00 0.00 4.07 1.93
soreness_3 3.06 0.00 1.84 0.00 7.09 0.00 4.00 2.24
sleep_2 3.70 3.32 2.24 2.62 7.17 0.00 3.81 1.75
stress_2 4.24 5.62 1.72 3.23 0.00 0.00 3.70 1.43
mood_5 4.05 5.11 1.71 3.68 0.00 0.00 3.64 1.23
stress_5 0.00 0.00 2.41 1.67 6.67 3.70 3.01 1.91
fatigue_3 2.55 0.00 3.07 2.34 0.00 5.70 341 1.35
fatigue_2 2.07 3.20 2.65 3.18 0.00 5.07 3.23 1.01
fatigue_06 1.66 0.00 3.17 0.00 0.00 4.59 3.14 1.19
soreness_2 4.45 3.08 1.96 2.67 0.00 0.00 3.04 0.91
stress_0 0.00 2.55 2.14 0.00 0.00 4.26 2.98 0.92
time_4 0.00 0.00 1.99 3.39 0.00 0.00 2.69 0.70
stress_3 2.19 3.74 1.73 0.00 0.00 0.00 2.56 0.86
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Figure 6. General influence of individuals’ features on all the variables and match-day fatigue
predictions. This plot shows the correlation coefficient between SHAP values (probability to be
part of a Fatigue class) and features’ values. Green bars refer to a positive correlation, while the

red ones show a negative relationship.

Table 6. Accuracy of the XGB model trained on one team and tested on the other teams.

Training

Team1 Team2 Team3 Team4 Team5 Team6

Team 1 - 0.58 0.56 0.54 0.52 0.53

Team 2 0.51 - 0.53 0.56 0.57 0.59

Team 3 0.58 0.57 - 0.51 0.53 0.51
Test

Team 4 0.52 0.55 0.59 - 0.56 0.59

Team 5 0.54 0.53 0.53 0.57 - 0.52

Team 6 0.57 0.56 0.60 0.53 0.55 -

Mediation analysis

Figure 7 shows a statistically significant total influence of TL d-1 on match-day fatigue was detected
(coefficient = 0.0088 [0.006, 0.010]; p-value < 0.001). The mediation analysis (Figure 7) shows a
statistically significant direct influence (coefficient = 0.006 [0.004, 0.007]; p-value < 0.001) of TL
on Fatigue. This relation is mediated by Muscle Soreness (coefficient = 0.002 [0.001, 0.003]; p-
value < 0.001), Mood (coefficient = 0.001 [0.001, 0.002]; p-value < 0.001). The other items do not

mediate this relationship.
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Figure 7. Mediation analysis on match-day fatigue
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Discussion

In a real-world scenario the importance of predicting the fatigue status of a single player is
paramount for training prescription and periodization in any day of the season. The aim of the
present study was to explore the influence of sRPE and time of each session and/or match and
self-reported perceived items’ scores (i.e., fatigue, muscle soreness, stress, mood and sleep quality)
on next day subjective fatigue and match-day subjected fatigue in professional soccer players. The
goal is to provide coaches a useful tool to control training stimuli and prevent states of

overreaching and/or overtraining.

Daily fatigue

Analysing the data, the most surprising finding is that training duration and intensity (i.e. time and
sRPE variables) have low importance in the prediction of daily fatigue. When interpreting these
findings, it is important to remember that our fatigue ratings refer to the fatigue experienced the
morning after the training session or match and, thus, several hours of recovery. However, with
regards to daily fatigue, the aim of our study was to identify the predictors of the fatigue state

experienced by the player before the training session in order to modulate the training load.

Another explanation for the relatively low importance of training duration/intensity in predicting
daily fatigue is that factors other than the training load of have a stronger influence on subjective
feelings of fatigue measured in the morning. Specifically, our findings suggest that both mood and
stress influence the state of fatigue experienced by the player. This interpretation of our correlative
evidence is supported by both clinical and experimental observations that negative mood and stress

are strongly associated with subjective feelings of fatigue and reduced performance in athletes'”".

An additional potential explanation for the relatively low importance of training duration/intensity
in predicting daily fatigue is that modulation of training duration/intensity is already accounted for
by the match-day plus and match-day minus variables. Actually, practitioners define the schedule
training programme of the week in accordance with intra-match duration. The distance from the
previous and to the next match respectively, permits to perform specific training tasks related to
recovery strategy (rest time from previous match and recovery period to the next match) to reach
the best recovery status in the match day. For example, resistance and intensity training are
performed usually in MD+2-5 and MD+4-3, respectively. Hence the duration and intensity of the
training change in accordance to training objectives resulting in different players' response from a

similar TL. For this reason, knowing the distance from and to the previous and next matches,
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respectively, permits to have an idea of the typologies of training that may result in different fatigue

response.

Match-day fatigue

Contrary to daily fatigue, the relatively low importance of fatigue, muscle soreness, and training
duration/intensity in predicting match-day fatigue is not surprising because coaches prescribe a
moderate-to-low training load the days before the match with the goal of having no or low fatigue
on the day of the match. In our study, the most important factors predicting fatigue on the day of
the match are stress, mood and sleep quality in the day(s) preceding the match. We tentatively
interpret these correlative findings to suggest that the residual fatigue before the match is mental
rather than physical. Given the experimental evidence that mental fatigue reduces soccer
performance'"”’, our findings have two practical implications. First, coaches and other staff (e.g.
the team psychologist) should try managing the psychological load in the day(s) before the match
in addition to the standard tapering of the physical load. Examples of such interventions are
relaxation strategies and sleep hygiene. Given that psychological load is not always easy to manage,
coaches and other staff should also employ other strategies to reduce mental fatigue on the day of
the match such as alimentary (e.g., caffeine), behavioural (e.g., listening to music) and psychological

(e.g., extrinsic motivation) countermeasures™.

XGB model trained on a team is accurate to predict fatigue classes in the other ones highlighting
the fact that the models developed to predict Fatigue are generalizable (Table 6). Obviously, lower
prediction ability was detected in models trained in a different soccer team compared to the one
trained on the same team because it is less personalized. The differences detected in features
importance in the six teams explain the reduction in prediction performance when the models are
not trained with the same team. However, this result indicates that the players from different teams
have a similar response to training load and players’ health features on fatigue status. Hence,
training a machine learning algorithm in a big dataset with several teams and/or several seasons

could increase the generalizability of the models.

Evaluating the prediction goodness in a real scenario gives important insights about the usability
of this framework of big data analytics. This validation approach permits testing the prediction
goodness of the machine learning algorithms as the season goes by and assessing the change in
feature importance and influence in each training week. Actually, RFC shows a cumulative
performance goodness at the end of the season between 78-81%. The accuracy of the prediction

models in all the teams is similar during all the seasons indicating that 10 weeks of the machine
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learning model training is enough to create accurate models for fatigue prediction. However, the
influence of each feature changes as the seasons go by. This is due to the fact that different
competition demands and players’ physical status in different parts of the season is related to a

different perception of fatigue.

Limitations

The current research presents some weaknesses. Firstly, as already repeatedly discussed, these data
are correlattive and, therefore, do not prove a cause-and-effect relationship between fatigue and
its predictors. Secondly, the models discussed here are specific to the teams that were monitored.
Although the items adopted in this study represent custom measures used widely in practice, they
haven’t been rigorously evaluated for their validity and reliability. Moreover, the current algorithm
cannot be extended to all soccer teams. However, the model provided needs to be “trained and

fitted”, for at least 10 weeks, to have a reliable assessment on fatigue prediction for each team.

Conclusion

In the context of the current training and match scheduling practices of Italian professional soccer,
our findings suggest that both daily and match-day fatigue can be predicted with reasonable
accuracy using big data analytics of practical measures of training load and players subjective status.
The prediction of daily fatigue can assist coaches in the planning of training sessions day by day
following the individual responses of each player. The prediction of match-day fatigue can help in
the preparation leading up to the match in understanding, for example, which player can be more

suitable for the subsequent match.

Not surprisingly, the most important predictor of daily fatigue is the fatigue experienced the
previous day. Distance of the training session from the matches is also important. Interestingly,
the stress experienced by the athlete the day before contributes significantly to the prediction of
daily fatigue. Psychological variables like stress, mood and sleep quality are also the most important
predictors of match-day fatigue. Together with the results of experimental studies showing a

negative impact of mental fatigue on soccer performance'?’

, our correlative findings suggest that
interventions to reduce stress/negative mood, and improve sleep quality may improve the match
performance of soccer players. Our correlative findings also suggest that the stress perceived by
soccer players need to be considered in the day-to-day modulation of training load based on the

current fatigue state.
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In conclusion, athletic trainers and coaches can use the framework of big data analytics proposed
in this paper to predict their players’ fatigue status, understanding the influence of other
perceptions, judgements and training load characteristics in order to improve the decision-making
process when designing a training plan. In particular, field experts could maximize the training
effect by controlling the fatigue status of the soccer players simulating the scheduled training
programme. Finally, this approach can be very useful for practitioners of amateur and grassroots
with a limited budget. Both status and internal load measures’ data collection, as shown above, is

virtually free and it can be taken into account in assessing fatigue by our model.
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Supplementary material

S1. Cross-correlation analysis

In order to assess the time series relationship of TL to fatigue, a cross-correlation analysis was
conducted. Cross-correlation is a measure of similarity of two series that permits to objectively
determine how well they match up with each other and at what point the best match occurs. The
correlation coefficient between the two times series could be ranged from -1.0 to +1.0. The closer

the cross-correlation value is to 1, the more the two times series are similar.,

TL is strongly related to fatigue of the next day in all the soccer teams. As a matter of fact, Figure
S1 shows the highest cross-correlation values on lag +1 (Team 1: r=0.89; Team 2: r=0.90; Team
3: 1=0.88; Team 4: +r=0.92; Team 5: r=0.89; Team 6: r=0.92). This result indicates that the TL of

the current day affects the perceived fatigue of the following days.

Team 1 Team 2 Team 3 Team 4 Team 5 Team 6
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Figure S1. Cross-correlation analysis between Fatigue and TL.
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Table S1 - 1st part. Prediction goodness of Fatigue in daily approach

Team 1 Team 2 Team 3
Model classes
prec rec f1 acc Prec rec fl Acc Prec rec f1 acc
Low 0.82 0.70  0.77 0.82 0.79  0.80 0.85 0.79 0.82

DTC Moderate 0.62 0.64 0.63 0.72 0.54 0.58  0.56 0.72 0.35 0.43 0.38 0.71

Severe 0.50 0.55 0.53 0.61 0.62  0.62 0.37 0.44 0.40
Low 0.82 0.80 0.81 0.85 0.87  0.86 0.86 0.91 0.87
XGB Moderate 0.75 0.73 0.74 0.81* 0.68 0.68  0.68 0.80* 0.52 0.41 0.46 0.80*
Severe 0.72 0.57 0.63 0.74 0.69  0.71 0.60 0.47 0.53
Low 0.86 0.88 0.87 0.85 084 0.85 0.86 0.90 0.88

RFC Moderate 0.70 0.76 0.73 0.80 0.63 0.67  0.65 0.78 0.49 0.42 0.45 0.79

Severe 0.93 0.57 0.63 0.69 0.67  0.68 0.55 0.48 0.51

Low 0.86 0.70 0.77 0.84 067 0.75 0.88 062 0.73

LR Moderate 0.42 0.57 0.49 0.62 0.31 0.49  0.38 0.04 0.22 0.45 0.29 0.59

Severe 0.48 0.62 0.54 0.54 0.65  0.59 0.28 0.51 0.36
Low 0.65 0.65 0.65 0.01 0.62  0.61 0.75 0.74 0.75

B, Moderate 0.20 0.20 0.20 0.48 0.14 0.13  0.13 0.45 0.07 0.07 0.07 0.59
Severe 0.19 0.19 0.19 0.20 020  0.20 0.12 0.13 0.13

prec, rec, f1 and acc refer to precision, recall, f1-score and accuracy, respectively. * indicates the
model with higher prediction ability for each team
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Table S1 - 2nd part. Prediction goodness of Fatigue in daily approach

Team 4 Team 5 Team 6
Model classes
prec rec fl acc prec rec fl acc prec rec fl acc
Low 0.86 0.75  0.80 0.86 0.86 0.86 0.81 0.86 0.83

DTC Moderate 0.48 0.01 0.54 0.70 0.59 0.60 0.59 0.79 0.89 0.94 0.87 0.85

Severe 0.13 0.57 0.49 0.60 0.64 0.62 0.91 0.77 0.83
Low 0.85 0.88 0.87 0.88 0.95 091 0.95 0.98 0.97

XGB Moderate 0.65 0.58 0.01 0.79* 0.76 0.01 0.68 0.86* 0.88 0.81 0.85 0.87*
Severe 0.63 0.58 0.60 0.82 0.04 0.72 0.92 0.85 0.88
Low 0.86 0.86 0.86 0.86 0.95 0.91 0.87 0.87 0.87

RFC Moderate 0.60 0.59 0.60 0.78 0.76 0.56 0.65 0.85 0.88 0.77 0.81 0.80
Severe 0.59 0.60 0.59 0.86 0.62 0.72 0.89 0.62 0.73
Low 0.89 0.65 0.75 0.78 0.94 0.85 0.69 0.84 0.79

LR Moderate 0.38 0.57 0.46 0.04 0.34 0.07 0.12 0.75 0.39 0.15 0.22 0.66

Severe 0.38 0.68 0.49 0.59 0.38 0.46 0.47 0.09 0.15
Low 0.72 0.71 0.72 0.72 0.72 0.72 0.65 0.65 0.65

B, Moderate 0.15 0.16 0.15 0.55 0.12 0.13 0.12 0.56 0.21 0.20 0.20 0.48
Severe 0.09 0.09 0.09 0.16 0.15 0.16 0.15 0.16 0.16

prec, rec, f1 and acc refer to precision, recall, f1-score and accuracy, respectively. * indicates the
model with higher prediction ability for each team
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Table S2 - 1st part. Prediction goodness of Fatigue in match related approach

Team 1 Team 2 Team 3
Model classes
prec rec f1 acc Prec rec fl Acc prec rec f1 acc
Low 0.74 0.79  0.76 0.70 0.71  0.70 0.84 0.80 0.82

DTC Moderate 0.57 0.56 0.56 0.66 0.63 0.61 0.62 0.64 0.23 0.28 0.25 0.69

Severe 0.32 0.24 0.28 0.51 0.49  0.50 0.33 0.38 0.36

Low 0.74 0.92 0.82 0.70 086  0.77 0.83 0.96 0.89

XGB Moderate 0.66 0.58 0.62 0.71* 0.75 056  0.04 0.70* 0.40 0.17 0.23 0.80*

Severe 0.51 0.10 0.17 0.04 0.40  0.49 0.60 0.34 0.44

Low 0.74 0.80 0.77 0.69 073 0.71 0.81 0.98 0.89

RFC Moderate 0.57 0.56 0.56 0.04 0.04 0.59  0.01 0.65 0.62 0.13 0.22 0.79

Severe 0.33 0.24 0.28 0.52 0.49  0.50 0.74 0.29 0.41

Low 0.66 0.99 0.79 0.62 093 0.74 0.80 0.97 0.88

LR Moderate 0.67 0.09 0.17 0.46 0.82 024 037 0.62 0.69 0.10 0.16 0.68

Severe 0.00 0.00 0.00 0.54 0.17  0.26 0.55 0.30 0.39
Low 0.04 0.04 0.04 0.58 0.58  0.58 0.74 0.76 0.75

B, Moderate 0.17 0.18 0.17 0.42 0.17 0.17  0.17 0.42 0.07 0.06 0.07 0.59
Severe 0.17 0.17 0.17 0.24 024 0.24 0.11 0.10 0.10

prec, rec, f1 and acc refer to precision, recall, f1-score and accuracy, respectively. * indicates the
model with higher prediction ability for each team

57




Table S2 - 2nd part. Prediction goodness of Fatigue in match related approach

Team 4 Team 5 Team 6
Model classes
prec rec fl acc prec rec fl acc prec rec fl acc
Low 0.78 0.87  0.82 0.84 0.82 0.93 0.67 0.70 0.69
DTC Moderate 0.53 0.50  0.51 0.72 0.25 0.32 0.28 0.72 0.46 0.46 0.46 0.59
Severe 0.19 0.08  0.11 0.46 0.44 0.45 0.46 0.43 0.44
Low 0.78 093  0.85 0.83 0.94 0.89 0.71 0.83 0.76
XGB Moderate 0.65 0.51 0.57 0.76* 0.32 0.24 0.28 0.80* 0.58 0.46 0.51 0.66*
Severe 0.53 0.08 022 0.66 0.49 0.56 0.58 0.45 0.51
Low 0.77 0.88  0.82 0.82 0.98 0.89 0.68 0.71 0.69
RFC Moderate 0.55 0.48 051 0.71 0.88 0.05 0.09 0.82 0.47 0.46 0.46 0.60
Severe 0.18 0.07  0.09 0.76 0.42 0.54 0.46 0.44 0.45
Low 0.75 096  0.84 0.79 0.98 0.88 0.64 0.88 0.74
LR Moderate 0.59 028  0.39 0.70 0.00 0.00 0.00 0.58 0.48 0.32 0.38 0.56
Severe 0.00 0.00  0.00 0.60 0.17 0.27 0.38 0.16 0.22
Low 0.71 073 0.72 0.77 0.75 0.76 0.56 0.56 0.56
Bs Moderate 0.17 017 017 0.57 0.10 0.11 0.10 0.50 0.19 0.19 0.19 0.42
Severe 0.13 0.11 0.12 0.10 0.10 0.10 0.26 0.26 0.26

prec, rec, f1 and acc refer to precision, recall, f1-score and accuracy, respectively. * indicates the

model with higher prediction ability for each team
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Abstract

Purpose - Coaches often ask players to judge their recovery status (i.e. subjective recovery). The
aim of this study was to explore the factors that correlate with subjective recovery in a group of

professional soccer players.

Methods - 101 male players from four professional Italian soccer clubs competing in Serie C were
recruited for this study. A complete season was recorded for each team for a total of 16,989 training
sessions and matches. Every morning, the players rated fatigue, sleep quality, muscle soreness,
stress and mood. At the same time, they formally judged their recovery using the Total Quality
Recovery questionnaire (TQR). After each training session or match, the session Rating of
Perceived Exertion (sRPE) was obtained and multiplied by duration to calculate the Training L.oad
(TL). A framework of data analytics of time series was employed to detect the factors associated

with subjective recovery.

Results - Machine learning and mediation analyses suggest that TQR scores are primarily
associated with ratings of fatigue and muscle soreness at the time of such judgments, and that these
factors mediate most of the relationship between training load of the previous day and subjective

recovery.

Conclusion - These findings suggest that, in order to maximize subjective recovery of professional
soccer players, coaches and other relevant support staff should implement strategies to minimize
fatigue and muscle soreness. From a programming perspective, reducing the training load of the
previous day seems to be the most effective strategy. Future experimental studies are required to

confirm these correlational findings.
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Introduction

Recovery has been defined as a multifaceted restorative process relative to time '

. It is widely
known that an optimal balance between training load and recovery is required to adapt to training
and perform optimally . Poor recovery between training sessions and matches is also associated

with increased incidence of injury, illness, and overtraining **.

Because of its multifaceted nature, recovery has been quantified in many ways including
performance tests such as CMJ ® and biochemical markers like creatine kinase (CK) concentration
°. A more practical and commonly used way to asses recovery is to ask athletes to judge their
recovery status (i..e. subjective recovery), either informally in daily conversations or formally using
specific scales or questionnaires like the Total Quality of Recovery (TQR) scale ". The validity of
subjective measures of recovery has been supported by their associations with performance

decrements, injury rates, and biochemical markers of recovery "**"°.

Because of its relevance to athletes’ performance and health, it is important to explore the
determinants and correlates of subjective recovery. Short-term intensified training studies have
provided experimental evidence that training load and time to recover are key determinants of
subjective recovery '°. Small correlational studies also suggest that subjective judgments of recovery
status may be influenced by feelings of fatigue and delayed onset muscle soreness (DOMS) >,
Moreover, it is believed that factors such as stress, mood and sleep quality affect the recovery

process in athletes'®2!.

The main aim of the present study was to further explore potential correlates of subjective recovery
(training load, fatigue, sleep quality, muscle soreness, stress and mood) using machine learning
analysis on a large data set collected in the field during an entire professional soccer season.
Moreover, we explored whether the hypothesised relationship between training load and subjective

recovery is mediated by fatigue, sleep quality, muscle soreness, stress and mood.
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Methods

Subjects

101 players (23.5 = 4.0 yrs, 73.8 = 7.4 kg, 180 * 5 cm) from four professional Italian soccer clubs
competing in the third Italian division (Serie C) were recruited from this study. The data recording
was conducted on a complete championship season for each team, from summer camp on. A total
of 16,989 training or match sessions (113 & 52 per player) were recorded. The data recording was
conducted between July 16th 2020 and May 11th 2023. After a detailed description of the
procedure and possible risks, players voluntarily decided to participate by signing an informed
consent. The project was conducted according to the Declaration of Helsinki and was approved

by the Bioethics Committee of the University of Bologna.

Data recording

Every day, usually in private and at a consistent time in the morning, in any case before each
training session or match, the players filled six scales. First, the players provided subjective ratings
of fatigue, sleep quality, muscle soreness, stress and mood using the Wellness Questionnaire (WQ)
*. This questionnaire consists of five single items with a 5-point Likert scale where 1 and 5 indicate
the highest and lowest values of wellness for each item, respectively **. The sixth scale the players
had to fill in was the Total Quality Recovery (TQR) scale. This instrument evaluates the players’
recovery status ' by a self-reported single-item scale ranging between 6 and 20. Values of about 6
refer to no recovery at all, while 20 means that the athlete fully recovered. Finally, about 30 minutes
after the end of each training session or match, the players rated how hard the training session or
match was (SRPE) by using the 10-point scale (CR-10 Borg’ scale), where O refers to resting state
and 10 to maximal effort . The Training Load (TL) for each training session or match was
computed as the product between sRPE and the duration in minutes (time) and, in each analysis,
refers to the load of the training session or match performed the day before the subjective ratings
of recovery, fatigue, sleep quality, muscle soreness, stress and mood were provided. However, we
decided to include sRPE and time separately in the machine learning approach to differentiate
between the intensity and duration of the training session/match. Training load can be simply
described as a label attributed to a higher-order construct overarching other interrelated sub-

dimensions such as sRPE and time specifically *.
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Data preprocessing

Data preprocessing permits to aggregate the data time series to create indexes that provide more
details about players’ history. In particular, two types of aggregations were computed for each
independent feature (i.e., fatigue, sleep quality, muscle soreness, stress, mood ratings of the current
day, sRPE and time of the previous day): i) exponential weighted moving average of past 7 days
(Acute); ii) exponential weighted moving average of past 28 days (Chronic). The weight of both
Acute and Chronic aggregation methods was computed with a specified decay in terms of span

(2/(SPAN+2)) 7.

The data preprocessing was made by using Python 3.9 language programming.

Machine learning approach

Extreme Gradient Boosting Regressor (XGBR) model was fitted on 21 independent features (i.e.,
fatigue, sleep quality, muscle soreness, stress, mood ratings of the current day, sSRPE and time of
the previous day, and their acute, and chronic aggregations) with the aim of predicting the players’
recovery status (TQR score, i.e. recovery perception). The XGBR model was trained on 70% of
the total observations (train set) where the best subset of features was obtained by a Recursive
Feature Elimination with 10 Cross-Validation (RFECV) based on the XGBR model. In the train
set were also fitted the best hyperparameters of XGBR by a grid search approach. The grid search
parameters tested are: learning rate = 0.01, 0.03, 0.05, 0.07, 0.09; max depth = 5, 10, 15, 20, None;
colsample by tree = 0.1, 0.3, 0.5, 0.7, 0.9; number of estimators = 100, 500, 1000.

The predictive performance was assessed on the test set (30% of observations not included in the
train set) in order to avoid any overfitting problem. Mean Squared Error (MSE), Root Mean
Squared Error (RMSE), Pearson’s correlation coefficient (f) were used in order to evaluate the
predicting performance of the XGBR model. Shapley Additive exPlanations (SHAP) method was
used to explain the decision-making process created by XGBR to predict TQR. To explain the
output of the machine learning models, SHAP uses a game theory approach. By giving a pre-
trained regressor, SHAP explainer creates a value for each independent feature that represents how
much they influenced the regressor’s decision-making process by providing a global and a local

explanation of the machine learning model.

The machine learning analysis was conducted by using Python 3.9 language programming.
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Mediation analysis

A correlation analysis for repeated measures based on an autoregressive model was conducted on

the entire dataset between the TQR ratings and the following variables:
TL, TLacute aﬂd TLchronic;
Fatigue, sleep quality, muscle soreness, stress and mood rated at the same time as the TQR ratings.

Secondly, where the assumptions of statistically significant correlation were met, a mediation
analysis was conducted with the aim of detecting if the hypothesised relationship between training
load variables and TQR was mediated by one or more of the five WQ variables listed above. In
order to take in consideration the assumption of related pairs, a repeated measures mediation
analysis was performed. In particular, Marginal Regression Model using Generalised Estimating
Equations based on Autoregressive covariance structure was used to meet both time series and
repeated measures assumptions. Specifically, mediation analysis was conducted for TL and its acute
and chronic aggregations if the assumption of statistically significant correlations were met (i.e.,
the mediation model was built on variables that are both correlated with dependent and
independent features). The Root Mean Squared Error (RMSE) was used as indicators of model
goodness. Moreover, in the context of GEE, where observations may be correlated within clusters
or subjects, in order to evaluate the strength of the relationship it is more appropriate to use a
correlation-like measure that accounts for the correlation structure. One such measure is the
Intraclass Correlation Coefficient (ICC), which quantifies the proportion of total variance that is
due to between-cluster (or between-subject) variability. The ICC ranges between 0 and 1. Higher
values of ICC indicate a stronger correlation within clusters (higher inter-cluster variability) relative
to the total variability, while lower values indicate a weaker correlation within clusters (lower inter-
cluster variability) relative to the total variability. An ICC close to 0 suggests that observations
within clusters are almost independent, while an ICC close to 1 suggests high correlation between

observations within clusters.

The mediation analysis was conducted by using Python 3.9 language programming,.
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Results

Machine learning approach

Thirteen out of 21 independent features were selected by the RFECV approach. Table 2 shows
the features selected and their importance to predict TQR. Fatigue is the most important feature
(importance = 37.20%) followed by muscle soreness (importance = 12.00%), moodcnronic
(importance = 7.93%) and fatiguechronic (Importance = 7.42%). The other daily features (i.e. sSRPE
and sleep) show a cumulative importance of about 5.64% resulting in a total importance of about
54.84%. Otherwise, the weekly aggregations (i.e. fatigu€iue and sleepacwe) show a cumulative
importance of 6.26%, while the chronic aggregations (i.e. Mm0OOdchronic, fatigUechronic, STIESSchronics
muscle sorenesschronic, Sle€Pehronic;, SRPEechronic and timeconic) describe an overall importance of
38.91%. The best XGBR hyperparameters selected with the grid search approach were: learning
rate = 0.03; max_depth = 10; callsample by tree = 0.7; number of estimators: 1000. Figure 1 shows
a strong correlation and a small error between TQR observed and predicted (r = 0.81, MSE =
1.27, RMSE = 1.13). Figure 2 shows the global explanation (indications of the relationship between

the value of a feature and the impact on the prediction) of the XGBR decision-making process.

Mediation analysis

Descriptive statistics of all the features included in this study was provided in Table 1. Significant
relationships with TQR were detected for both TL and WQ variables (Table 2). In order to detect
it the relationship between TL and TQR is mediated by the WQ variables, a mediation analysis
was conducted. The analysis was performed for TL, TLacue, TLehronic. A statistically significant
relationship of TL on TQR was detected (beta coefficient = 0.002 [0.001, 0.002]; p-value < 0.001;
RMSE = 1.96; ICC = 0.22). The mediation analysis (Figure 3) shows a statistically significant direct
effect (beta coefficient = 0.001 [0.001, -0.002]; p-value <0.001; RMSE = 1.86; ICC = 0.28) of TL.
on TQR. This relation is mediated by muscle soreness (beta coefficient = 0.0006 [0.0003, 0.0008];
p-value < 0.001; RMSE = 1.93; ICC = 0.24) and fatigue (beta coefficient = 0.0005 [0.0002, 0.0007];
p-value < 0.001; RMSE = 1.87; ICC = 0.27). The other WQ variables (sleep quality, stress, mood)
did not qualify as mediators of the relationship between TL and TQR.

The relationships between TL,u (beta coefficient = 0.0003 [-0.001, 0.002]; p-value = 0.70; RMSE
= 1.94; ICC = 0.21) and TLehronic (beta coefficient = 0.0007 [-0.003, 0.004]; p-value = 0.69; RMSE
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= 1.94; ICC = 0.21) with TQR do not appear significant and, therefore, no further mediation

analysis was required because the assumption for conducting the mediation analysis was not met.
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Table 1. Descriptive statistics.

Features mean SD min 25% 50% 75% max
sRPE 4.14 1.91 0.5 3 4 5 10
time 73.5 233 31 60 73 87 170
TL 320 208 18 180 280 413 1360
fatigue 2 0.75 1 2 2 2 5
sleep 1.91 0.78 1 1 2 2 5
muscle soreness 1.82 0.75 1 1 2 2 5
stress 217 0.77 1 2 2 3 5
mood 2.05 0.81 1 1 2 3 5
TQR 15.81 1.93 6 15 16 17 20
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Table 2. Feature importance (SHAP mean) of the best subset of the features selected by

RFECV for XGBR.
Feature Importance (%)
fatigue 37.20
muscle soreness 12.00
mo0dchronic 7.93
fatiguechronic 7.42
StreSSchronic 5.37
muscle sorenesschronic 5.25
sleepchronic 4.47
SRPEchronic 4.43
tiMechronic 4.04
sRPE 3.79
fatiguescutc 3.14
sleepacute 3.12
Sleep 1.85
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Figure 1. Scatter density plot of the TQR observed and predicted.
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Table 3. Autoregressive model for repeated measures correlation analysis.

pai‘:g?eetlers coefficient SD z-score p-value
Intercept 18.51 0.41 45.35 <0.001
fatigue -1.35 0.15 -9.11 <0.001
Intercept 16.97 0.33 50.86 <0.001
Sleep -0.61 0.12 -5.14 <0.001
Intercept 17.81 0.35 50.30 <0.001
muscle soreness -1.10 0.14 =777 <0.001
Intercept 16.66 0.39 43.19 <0.001
stress -0.39 0.14 -2.72 <0.01
Intercept 16.49 0.41 40.75 <0.001
mood -0.33 0.16 -2.05 <0.05
Intercept 15.27 0.21 73.90 <0.001
TL 0.00 0.00 6.13 <0.001
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Figure 2. Global explanation of the fitted XGBR model based on SHAP analysis. Influence of
independent features on subjective recovery (TQR). The predictors are ranked in descending order
in accordance with the features importance. Each point on this plot is a Shapley value for a feature
and an instance. The position on the y-axis is determined by the feature and on the x-axis by the
Shapley value. The colour represents the value of the feature from low to high.
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Figure 3. Mediation analysis.
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Discussion

The correlative evidence provided by this study suggests that the subjective judgements of recovery
status by soccer players are primarily influenced by the feelings of fatigue and muscle soreness at
the time such judgements are made. These feelings also seem to mediate most of the relationship
between training load of the previous day and subjective recovery. Interestingly and confirmed by
mediation analysis, training load of the previous week and training load of the previous four weeks
were not found to be associated with subjective recovery because it seems to be strongly mediated

by the perception of fatigue.

An important result of this study is that it is possible to predict the players’ subjective recovery
based on TL components (SRPE and time) and ratings of fatigue, sleep quality, muscle soreness,
stress and mood. As a matter of fact, the machine learning approach shows a very low error (MSE
= 1.27 and RMSE = 1.13) suggesting that the model is very accurate in estimating the TQR scores
(Figure 1). Although other factors may also play a role, the high accuracy of our model suggests
that the combination of training load, fatigue, sleep quality, muscle soreness, stress and mood can

explain a lot about the subjective recovery of professional soccer players.

In this study, a machine learning model was employed to gain insights into the impact of subjective
ratings (i.e., fatigue, sleep quality, muscle soreness, stress and mood) on the recovery construct,
rather than the development of a predictive model. The evaluation of the model's quality was
essential to confirm the presence of a cause-effect relationship in the underlying dynamics. The
machine learning approach (Table 3) suggests that players’ judgement of their recovery is mainly
affected by the fatigue and muscle soreness experienced when providing the TQR rating (49.20%).
Moreover, except for sleep that shows a minimal importance (1.85%), the other WQ variables
(mood and stress) do not significantly contribute to the prediction of subjective recovery.
Additionally, even if the chronic aggregation (previous four weeks) of each WQ variable and TL
components shows a low importance to predict subjective recovery, the sum of these chronic
parameters reaches an overall importance of 38.91%. This finding suggests that chronic stress,
mood and sleep quality, together with the training history of the players, affect their subjective
recovery. Conversely, the acute aggregations (previous week) of fatigue and sleep contribute only
marginally to the prediction of subjective recovery, and the other acute aggregations (muscle

soreness, stress, mood and TL components) do not contribute at all.

Interestingly, the machine learning approach only shows a marginal importance for SRPE (3.79%)

and time of the previous day did not contribute significantly to the prediction of subjective
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recovery. There are two possible explanations for such findings. The first is that the training load
of the previous day has only a small effect on subjective recovery. The second, and more likely,
explanation is that the effect of training load of the previous day is mediated to a large extent by
its effects on fatigue and muscle soreness. To test this hypothesis and explore further the

relationships between training load of the previous week and previous four weeks.

The first step of this mediation approach showed that neither TL,cue and of TLcnronic correlates with
subjective recovery. Only the training load of the previous day is significantly correlated with
subjective recovery. Further analysis of the factors mediating such correlation revealed that fatigue
(25%) and muscle soreness (30%) experienced when providing the TQR scores mediated most of
the relationship between training load of the previous day and subjective recovery. Our findings
based on mediation analysis of a large set of ecological data are corroborated by smaller
intervention studies. For example, Selmi et al. '° found that intensified training in a group of 15
professional soccer players increases subjective feelings of fatigue and muscle soreness, and
reduces TQR scores. Furthermore, these authors found that TL correlates positively with
subjective feelings of fatigue and muscle soreness, and negatively with TQR scores. Interestingly,
as in our study, Selmi et al. '® found no correlations of TL with subjective ratings of sleep and

stress.

Although fatigue and muscle soreness experienced when providing the TQR scores mediated most
of the relationship between training load of the previous day and subjective recovery (indirect
effect), there was also an important direct effect of TL. One possible explanation for this finding
is that there are other important mediators that were not measured in the present study. However,
a true direct effect of the training load of the previous day on the players’ judgement of their
recovery status is also plausible. For example, strong feelings of fatigue and muscle soreness after
a day of rest may be interpreted more negatively in terms of recovery (i.e. poor recovery) compared

to the same feelings experienced the day after an intense training session (i.e. expected recovery).

Limitations of the study

Although a very large set of ecological data from professional soccer players was collected and a
complex statistical analysis was performed, the main limitation of this study is its correlative nature.
Therefore, causality cannot be established. Another important limitation is the use of the WQ to
measure fatigue, sleep quality, muscle soreness, stress and mood. Although widely used in both

research and practice, the five single-item scales of the WQ have not been validated against
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criterion measures of the same constructs. Furthermore, our measures of TL refers only to training
duration and sRPE which is a subjective measure of training intensity. Other training
characteristics that we did not measure may affect muscle soreness and, thus, subjective recovery.
These include the prevalence of eccentric vs concentric muscle contractions or the

accustomization of the player to a specific training modality.

Finally, the current algorithm cannot be directly extended to all soccer teams; the model provided
needs to be “trained” specifically for each team, due to the fact that every team has different
characteristics such as, for example, different players' physical fitness and training scheduled

programmes.

Conclusion and practical application

This study suggests that the players’ judgement of their recovery relies primarily on the feelings of
fatigue and muscle soreness experienced when making such judgement. From a programming
perspective, our study suggests that reducing the internal load of the training session performed
the previous day is the most effective strategy if the goal is to maximise subjective recovery. Indeed,
this practice is already commonly used by coaches before an important match *. Reducing the
internal training load of the whole week before a match does not seem so important in terms of

subjective recovery.

In addition to internal training load manipulations, feelings of fatigue and muscle soreness may
also be affected by factors other than training. For example, cognitive load can increase feelings
of fatigue in soccer players *. Although the evidence for efficacy is not strong, muscle soreness
may also be improved by physiotherapic, pharmacological and nutritional interventions™.
Therefore, employing specific interventions to reduce mental fatigue and muscle soreness may also
improve subjective recovery of soccer players. Further experimental studies should be employed
to verify these hypotheses and establish more strongly a link between fatigue, muscle soreness,

subjective recovery and, ultimately, soccer performance.
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item scales of the Wellness Questionnaire

in soccer players

A part of this paper was presented as a poster at the WCSF 2023 — World
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Abstract

Background/aim: Athlete self-reported outcome measutes are widely used both by practitioners
and researchers to monitor team sport athletes. Whilst there are many measurement tools available,
some of the most commonly used are the so-called Wellness (single-item) scales. However, these
scales have yet to be validated when used as single-item. Therefore, the aim of this study was to

test the construct validity of these scales in soccer players.

Methods: A sample of 186 italian soccer players volunteered to take part in this cross-sectional
web-based study to investigate the construct validity of 5 single-item scales investigating Fatigue,
Sleep Quality, Muscle Soreness, Stress and Mood. Moreover, 106 players completed the survey for
an entire competitive season and 5269 pairs of training resulting in the same conditions was used
to investigate reliability. Data was collected and managed between July 2021 and May 2023 using
Qualtrics. The survey was advertised through social media and industry contacts. The survey was

voluntary, with no monetary incentives.

Results: Almost all of the Wellness single-items revealed no clear evidence of construct validity
and do not support the use of these scales in Italian soccer population. No statistical difference
was detected between the two similar training sessions (p>0.05) for each item, revealing a very

good reliability.

Conclusions: These findings question the so popular use of similar items in absence of consistent

evidence of their validity.
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Introduction

Athlete-reported outcome measures are questionnaires with both mono- and multi- dimensional
structures commonly used by sport practitioners and researchers to assess, evaluate, and monitor

a variety of athletes' performance and performance related outcomes®.

Among these instruments is not uncommon to find the so-called Wellness Questionnaires. A
survey of high-performance sport revealed that 84% of responders used self-report questionnaires,
80% of which were customised designs including 4 or more (up to 12) single-items such as fatigue,
sleep quality, muscle soreness, stress and mood? The relationship between training or match load
and the subsequent perceptions or judgements are typically explored by these customised
psychometric tools®. The included items are used both as a total wellness score and as a single-
item. With regards to the overall score, the wellness construct, as a complex interaction of various
mind and body perceptions, is a very challenging task to be clearly assessed*. A lack of consistency
was undetlined by many researchers in the definition of wellness>”. The absence of clarity and
consistency has led to the proliferation of numerous wellness assessments, with the vast majority
of them being tailored compositions incorporating a diverse range of elements'. In fact, there’s
no agreement upon which elements comprise wellness”™). This absence of clarity leads to many
issues concerning the wellness construct. An issue with wellness measures can be found everyday
both by practitioners and researchers is that the same wellness score could represent very different
conditions. For example, high physical stress or high psychological stress could be represented by
the same total wellness score (e.g., 13 could be based on a double 5 in fatigue and muscle soreness
and a triple 1 in the other items or on a double 5 in stress and mood), describing two totally
different scenarios. For this reason, many practitioners and researchers tend to use it as single-item
scales instead of an aggregate. Actually, various academic disciplines have employed single-item
measures across diverse research domains™=. Practitioners lean toward using single-item
questionnaires due to their practical usefulness for daily monitoring of athletes, requiring minimal
time and effort to be completed, especially when seamlessly integrated into daily surveys'>.
Furthermore, these questionnaires exhibit strong face wvalidity and minimal criterion
contamination, offering respondents immediate clarity compared to multi-item counterparts.
Although, if with a superficial level these single-items may have some face validity, this is not
sufficient to establish the validity of an instrument.”. Furthermore, the absence of item redundancy

ot repetitive similar elements minimizes participant boredom, fatigue, and frustration. While these

advantages lead sport practitioners to prefer single-item instruments, researchers seem to continue
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to rely on multi-item assessment instruments as, according to the Classical Testing Theory (CTT)™,
item redundancy is a strength®. However, while single-item scales are believed to lack content
validity and struggle to assess the facets of multi-dimensional constructs comprehensively,

multiple-item scales do not necessarily outperform single-item'®%.

Single-item questionnaires are widely used in sport practice with a clear utility, their psychometric
strength is often not clearly developed, as many of them have not been properly validated or
validated at all, reducing their ability to offer accurate, reliable, and useful information about the

athletes taking them?.

Given the widespread utilization of these wellness questionnaires by practitioners to gauge athletes'
subjective general well-being, alongside its already proven versatility and utility it seems necessary
to explore and confirm the psychometric properties of all the single-items, to ensure the reliability
and validity of this instrument. In fact, according to CTT an instrument must be reliable, valid and

useful®L

The aim of the study was to test the construct validity of the 5 single-item scales (Fatigue, Sleep
Quality, Muscle Soreness, Stress and Mood) comprising the Wellness Questionnaire. There is no
defined standard, in fact, over time, it has been refined and adapted based on practical experience
in the field, in which wellness questionnaires are commonly used also as single-items. We decided
to developed a rationale on the questionnaires developed by Hooper®, MclLean® and their
modifications by Perti®, Gastin®, Lathlean®, and Crowcroft®. for fatigue, muscle soreness and
sleep quality, and from for stress and mood. Over time, it has been refined and adapted based on
practical experience in the field, in which wellness questionnaires are commonly used also as single-
items. For this study we adopted the COnsensus-based Standards for the selection of health
Measurement INstruments (COSMIN)**2. The primary objectives encompass examining
construct validity (Study A) — convergence through hypothesis testing — and assessing the
reliability (Study B) of its individual components (Fatigue, Sleep Quality, Muscle Soreness, Stress,

and Mood) in the Italian version in professional soccer players.
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Study A - Construct validity

Methods

Study Design and Recruitment of Participants

Italian soccer players (mainly national level) Swann volunteered to take part in this cross-sectional
web-based study. The survey was advertised primarily through industry contacts. The survey was

voluntary, with no monetary incentives.

After the ethical approval by the University, we collected between January 2023 and May 2023
using Qualtrics (2023 Qualtrics; Provo, UT). In the first page of the survey, participants were
provided with an information page describing length of survey (< 8 min to complete), purpose of
the study and data security. Exclusion criteria were < 18 years and not currently competing in

SOCcefr.

Before being able to move forward with the survey, participants had to agree to the informed
consent. While those who agreed were invited to the demographic page of the survey, those who
did not agree to participate were thanked for their consideration and sent directly to the end of the

survey.

After the demographic information the questionnaire was created as follows: 5 single-item scales
of the Wellness Questionnaire, Italian version of the stress subscale of the Italian Depression
Anxiety Stress Scales Short Version (DASS-21), Italian version of the Brunel Mood Scales
(ITAMS), Groningen Sleep Quality Scale, Numerical Pain Rating Scale.

Groningen Sleep Quality Scale and Numerical Pain Rating scale were back translated in italian
following a translation-back translation methodology*** by a group of bilingual (i.e., Italian,

English) experts in sport and clinical psychology. All of the questionaires wiil be described below.

The COSMIN guidelines and reporting of results of e-surveys were followed™.

For the construct validity investigation, a total of 186 participants completed the survey in its

entirety. All partial responses were excluded from the analyses.
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96.7% of the total eligible participants were males (n=180). The mean age was 27.2 (£9.2) years

(range 18—60). The main level of sport was national (68.8%, n=128), followed by regional (15.5%,

n=29). Almost the whole population of the respondents (99.6%) competed in their sport for 6

years or more.

The 95.2% of all the participants trained and played their sport for more than 6 training a week

(match included), and the 80.2% trained for 6 hours a week or more.
Full participant characteristics are provided in Table 1.

Table 1. Description of the respondents.

Category Group Frequency (n) Percentage (%)

Age 18-20 43 23.1
21-25 57 30.6
26-30 40 21.5
31-35 19 10.2
36-40 3 1.6
41-45 6 32
46-50 3 1.6
51-55 0 0.0
56-60 15 8.1

Gender Female 1 0.7
Male 180 96.7
Do not answer — apply 5 2.6
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Education level Primary level 1 0.7

Middle school 21 11.2
High school 111 59.7
Bachelor degree 27 14.5
Master degree 20 10.7
PhD 6 3.2
Working type Professional athlete 116 62.4
Student 20 10.7
Unemployed 3 1.6
Worker 47 25.4
Sport level Recreational 11 5.9
Local 8 4.3
Regional 29 15.5
National 128 68.8
International 10 5.3
Years of playing <5 1 0.4
6-10 10 53
11-15 59 31.7
16-20 66 35.5
>21 50 26.9
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NP° of training per week 1-3 4 2.2
4.5 5 2.6
>6 177 95.2
Hours of training per week <5 37 19.9
6-10 51 27.4
11-15 77 41.3
16-20 12 6.5
>21 9 4.8
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Instruments

Wellness single-item scales

Participants completed the 5 single-item measures for Fatigue, Sleep Quality, Muscle Soreness,
Stress and Mood. The single-item measures were a simple statement of “Descrivi come ti senti in
questo momento (rispetto alla seguenti variabili) - Please describe how you currently feel
(according to the following items)”. All items were rated on a five-point response option from one

—cC

to five. Specifically, the verbal anchors were 1 = “nessuna fatica - no fatigue” 5 =“molto stanco -

[—— —

very tired” for Fatigue (item 1), 1 = “ottima - very good” 5 ="’pessima - very bad” for Sleep Quality

(item 2), 1 ="nessuno - none” 5 =”molto indolenzito - very sore” for Muscle Soreness (item 3), 1

pu— }

= “molto rilassato - very relaxed” 5 =”molto stressato - very stressed” for Stress (item 4), 1

—

=“molto positivo - very positive” 5 =molto negativo - very negative” for Mood (item 5).

Groningen Sleep Quality Scale (GSQS)

The Groningen sleep quality scale (GSQS)* was used to assess sleep quality. The 14-items GSQS
specifically covered various sleep complaints: 3 items about general sleep quality, 3 items about
insufficient sleep, 2 items about troubles with falling asleep, 1 item about tossing and turning, 3

items about trouble with sleeping on, 2 items about waking up unrested.

The 14 items of the scale fit 2 one dimensional scaling model as proposed by Mokken and Lewis®,
which represents a probabilistic version of the Gutman-procedure (Cronbach's coefficient is o« =

0.89). The scale was back translated in italian.

Muscle Soreness Numerical Pain Rating scale

A single-item measure of pain as proposed by Williamson was used in the study. Specifically, a
11-point numerical pain rating scale ranging from 0 (no pain) to 10 (worst imaginable pain) was
used in this study answering the statement “Descrivi il tuo indolenzimento muscolare percepito
durante la fase discendente durante la fase discendente di un mezzo squat - Please rate the lower
limb muscle soreness perceived during the descending phase of a half squat movement”. Bijur
found a significant correlation between the VAS and the NRS (+r=0.94, 95% CI= 0.93-0.95). They
also found that the slope of the regression line was 1.01 (95% CI=0.97-1.006) indicating a strong

level of agreement between the two tools.
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ITAMS

The italian version of the Brunel Mood Scale ITAMS®) consists of 6 dimensions with 4
descriptors each, specifically 4 related to anger, 4 related to confusion, 4 to depression, 4 to fatigue,

4 to tension and 4 to vigor (for a total of 24).

Participants rated their feelings on a 5-point response scale ranging from 0 (not at all) to 4
(extremely) rating “how you feel right now” for each mood descriptor, in fact ratings reflected
their moods at the time of evaluation. Total scores were calculated for each of the six subscales,

with lower scores represented weaker endorsement of each specific dimension.

3 of the 4 items in the Fatigue subscale were also used for the Multicomponent Training Distress

Scale” (MTDS; Main and Grove, 2009) Fatigue subscale.

The internal consistency values (Cronbach's «) of all 6 dimensions and the total scale were all
greater than 0.76 (Rohlf)*, while in Brandt* the total scale was 0.841 (Tension 0.736; Depression
0.891; Anger 0.856; Vigour 0.789; Fatigue 0.654; Mental confusion 0.541).

DASS-21

The Italian Depression Anxiety Stress Scales Short Version (DASS-21)*** questionnaire was used.
Each construct is assessed by seven items rated on a 4-point Likert scale. Only the DASS-21 Stress

subscale was used in the present study.

Perceptions were indicated in reference to the previous week. Participants rated their feelings on
a 4-point response scale ranging from 0 (did not apply to me at all) to 3 (applied to me very much

or most of the time). Higher scores indicated higher levels of stress.

The reliability of the DASS-21 scales were .88 for Depression, 0.82 for Anxiety, 0.90 for Stress,
and 0.93 for the Total scale as described by Hentry*. There is no absolute criterion for the reliability
of an instrument. However, as a rule of thumb, Anastasi® has suggested that a should be at least
0.85 if an instrument is to be used to draw inferences concerning an individual. By this criterion
the Depression, Stress, and Total scales can be viewed as possessing adequate reliability, while the
Anxiety scale fell below this criterion, although only marginally. Moreover, « is strongly affected
by the number of items (the smaller the number of items, the lower alpha is). Therefore, a particular
alpha value needs to be interpreted relative to the number of items, not as an absolute figure.

Given that the DASS-21 was designed to provide brief measures of broad constructs, these values
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are satisfactory. Were the alphas much higher than those observed then they could be taken as an

indication that the scales have insufficient bandwidth®.

Statistical Analysis

In order to assess the construct validity of the Wellness Single-Items we adopted COSMIN

guidelines.

First of all, we investigated the goodness of the constructs with the COSMIN criteria to confirm
factor structure (RMSEA<0.06, CFI>0.95, TLI>0.95, SRMR<0.08). Specifically, we performed

the following analyses:

e Confirmatory Factor Analysis (CFA) with all ITAMS subscales but vigour, to confirm

the Negative Affect construct;
® CFA with all 6 ITAMS subscales to confirm TMD construct;

e CFA with all the 5 single-item subscales to confirm the Wellness construct.

Construct validity is defined by COSMIN as the degree of which the scores of a measurement
instrument are consistent with the hypotheses, with regard to internal relationships, relationships
with scotes of other instruments or differences between relevant groups®?. The guidelines from
COSMIN state that each hypothesis is formed a priori with specific and clearly defined direction,
magnitude, and rationale”. Specifically, from one to nine independent hypotheses, dependent on
the construct, were developed a priori. For each of these formulated hypotheses, the correlation
direction, criteria, and rationale for which the hypothesis is based were clearly defined. The
relationship between each single-item and validated questionnaire for the same construct was

assessed by Kendall 7 b correlation coefficient.
The hypotheses were defined as follows:

® single item of fatigue would reflect the construct of fatigue measured with fatigue in

the ITAMS (and in the MTDS) Lower Limit CI>0.49 (same construct)

® single item of fatigue would reflect the construct of fatigue measured with vigor in the

ITAMS CI>-0.30 (related but different construct)
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single item of fatigue would reflect the construct of fatigue measured with stress in the

DASS-21 CI>0.30 (related but different construct)

2 out of 3 satisfied to confirm construct validity

single item of sleep quality would reflect sleep quality measured with GSQS sleep

quality scale Lower Limit CI>0.49 (same construct)

1 out of 1 satisfied to confirm construct validity

single item of muscle soreness would reflect the construct of muscle soreness measured

with the NPRS Lower Limit CI>0.49 (same construct)

1 out of 1 satisfied to confirm construct validity

single item of stress would reflect the multifactorial construct of stress measured with

the DASS stress subscale. Lower Limit CI>0.49 (same construct)

single item of stress would reflect the multifactorial construct of stress measured with

the ITAMS tension subscale. Lower Limit CI>0.30 (related but different construct)

single item of stress would reflect the multifactorial construct of stress measured with

the ITAMS confusion subscale. Lower Limit CI>0.30 (related but different construct)

single item of stress would reflect the multifactorial construct of stress measured with

the ITAMS anger subscale. Lower Limit CI>0.30 (related but different construct)

single item of stress would reflect the multifactorial construct of stress measured with

the ITAMS depression subscale. Lower Limit CI>0.30 (related but different construct)

single item of stress would reflect the multifactorial construct of stress measured with

the ITAMS fatigue subscale. Lower Limit CI>0.30 (related but different construct)

single item of stress would reflect the multifactorial construct of stress measured with

the ITAMS vigor subscale. Lower Limit CI>-0.30 (related but different construct)

5 out of 7 satisfied to confirm construct validity
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single item of mood would reflect the multifactorial construct of mood measured with

ITAMS Total Mood Disturbance (TMD). Lower Limit CI>0.49 (same construct)

® single item of mood would reflect the multifactorial construct of mood measured with

ITAMS Negative Affect subscales (NA). Lower Limit CI>0.49 (same construct)

® single item of mood would reflect the multifactorial construct of mood measured with

the ITAMS tension subscale. Lower Limit CI>0.30 (related but different construct)

® single item of mood would reflect the multifactorial construct of mood measured with

the ITAMS confusion subscale. Lower Limit CI>0.30 (related but different construct)

® single item of mood would reflect the multifactorial construct of mood measured with

the ITAMS anger subscale. Lower Limit CI>0.30 (related but different construct)

® single item of mood would reflect the multifactorial construct of mood measured with

the ITAMS depression subscale. Lower Limit CI>0.30 (related but different construct)

® single item of mood would reflect the multifactorial construct of mood measured with

the ITAMS fatigue subscale. Lower Limit CI>0.30 (related but different construct)

® single item of mood would reflect the multifactorial construct of mood measured with

ITAMS vigor subscale. Lower Limit CI>-0.30 (related but different construct)

® Ordinary regression with ITAMS (hypothesis, significant coefficients for all subscales

as independent variables)

® 6 out of 9 satisfied to confirm construct validity

Within our hypotheses, we included criteria that extended beyond mean estimates, encompassing
confidence intervals. These confidence intervals were constructed as compatibility intervals—
encompassing the range of effects wherein, if postulated as the true, unknown parameter value,
the statistical test based on the "null" hypothesis would remain unaltered at the .05 significance
level (95% confidence interval). Hence, this approach permits to be more confident about our

results.

A Kendall T b correlation coefficient was assessed in order to detect the relationship between each
single-item in order to evaluated if the subjects provided the similar information of different

Scofres.
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Results

Confirmatory factor analyses

The results of the CFAs performed (Table 2) show poor structural validity of the Wellness
construct. However, CFAs show moderate structural validity for the TMD and NA construct.

Therefore, we decided to include TMD and NA for the validation of the Mood single-item.

Table 2. Confirmatory Factor Analysis (CFA) for each construct. COSMIN guideline
references in brackets

CFI TLI RMSEA

Wellness (>0.95) 0.856

(>0.95) 0.711

(<0.06) 0.186

TMD

(>0.95) 0.938

(>0.95) 0.897

(<0.06) 0.198

NA

(>0.95) 0.949

(>0.95) 0.944

(<0.06) 0.23

Item correlations

To understand if some of the single-item proposed was redundant we employed a correlation
matrix between the items as shown in Figure 1. None of the items seems to be very strongly
correlated to another one. Actually, a relation was detected between Stress and Mood (T = 0.58),
while weak correlation was found among all the other single-items’ pairs. Due to the fact that no
very strong correlation was detected (7>0.7), the single-items likely measure different aspects of

the players status.
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Figure 1. Correlation matrix between the items. The intensity of color green represents the
intensity of the correlation and the direction of the major axis of the ellipses represents the

direction of the relation.

Validity analysis

Results for the validity hypotheses tested for each item are presented in Table 3. The COSMIN
validity criteria recommend that around 75% of the hypothesis developed a priori should be
satisfied. The number of hypotheses to be confirmed are shown in parenthesis for each single-
item. The criteria to confirm, reject or partially support the hypotheses are included in Table 3 for
each item. Of note is that we considered the uncertainty (CI) instead of the point estimate only,

which is stricter than the COSMIN criteria.
Fatigue (2/3)

Three out of 3 hypotheses tests were not confirmed for the single-item fatigue scale. Results do

not support validity of the item.
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Sleep Quality (1/1)

One out of 1 hypothesis tests was not confirmed for the single-item sleep quality scale. Results do

not support validity of the item.

Muscle Soreness (1/1)

One out of 1 hypothesis tests was not confirmed for the single-item Muscle Soreness scale. Results

do not support validity of the item.

Stress (5/7)

Three out of 7 hypotheses tests (ITAMS tension, depression and anger) were partially confirmed
for the single-item Stress scale. The other 4 hypothesis were not confirmed. Results do not support

validity of the item.
Mood (6/9)

Three out of 9 hypotheses tests (ITAMS depression, tension and confusion) were partially
confirmed for the single-item Mood scale. The other 6 hypothesis were not confirmed. Results do

not support validity of the item.

95



Table 3. Construct validity for each item.

Hypothesis

Criteria

Results / Confirmed

Fatigue

Positive correlation with
ITAMS and MTDS fatigue
scores (two hypotheses were
combined since MTDS is
calculated using 3 out of 4 items

of the BRUMS).

Lower limit for confidence intervals > 0.49
indicating strong evidence, and > 0.69
evidence of

suggesting  very

convergent validity. If point estimate is > 0.49

strong

and the lower limit is <0.49, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.49 and the point estimate
<0.49 the hypothesis is considered not

confirmed with uncertainty.

No

ITAMS: T = 0.35 (95% CI, 0.2
to 0.48)

MTDS: T = 0.34 (95% Cl,
0.19 to 0.47)

Positive correlation with DASS-

21 stress scale

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and

the lower limit is <0.30, the hypothesis is

No

7 =0.12 (95% (I, 0.01 to

considered partially confirmed. If the upper 0.23)
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not
confirmed with uncertainty.
Negative correlation with the | Lower limit of the confidence intervals at No

ITAMS vigor scale.

least <-0.30. If point estimate is <-0.30 and
the lower limit is >-0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI <-0.30 and the point estimate >-

0.30 the

hypothesis is considered not

confirmed with uncertainty.

7=-0.10 (95% Cl, -0.26 to -
0.05)
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Sleep Quality

Positive correlation with

Groningen Sleep Quality Scale

Lower limit for confidence intervals > 0.49
indicating strong evidence, and > 0.69
suggesting  very strong evidence of
convergent validity. If point estimate is > 0.49
and the lower limit is <0.49, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.49 and the point estimate
<0.49 the hypothesis is considered not

confirmed with uncertainty.

No

7=10.29 (95% Cl, 0.15 to
0.42)

Mauscle soreness

Positive correlation with the

Numerical Pain Rating Scale

Lower limit for confidence intervals > 0.49
indicating strong evidence, and > 0.69
suggesting  very  strong evidence of
convergent validity. If point estimate is > 0.49
and the lower limit is <0.49, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.49 and the point estimate
<0.49 the hypothesis is considered not

confirmed with uncertainty.

No

7 =029 95% CI, 0.14 to
0.43)

Stress
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Positive correlation with the

DASS-21 stress scale

Lower limit for confidence intervals > 0.49
indicating strong evidence, and > 0.69
suggesting  very strong evidence of
convergent validity. If point estimate is > 0.49
and the lower limit is <0.49, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.49 and the point estimate
<0.49 the hypothesis is considered not

confirmed with uncertainty.

No (uncertain)

T =041 (95% CI, 0.28 to
0.53)

Positive correlation with the

ITAMS fatigue scale.

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

No (uncertain)

7= 0.21 (95% Cl, 0.05 to
0.35)

Positive correlation with the

ITAMS tension scale

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

Partially confirmed

T =0.42 (95% Cl, 0.28 to
0.54)

Positive correlation with the

ITAMS confusion scale.

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

No (uncertain)

7= 0.25 (95% Cl, 0.09 to
0.39)
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Positive correlation with the

ITAMS anger scale.

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

Partially confirmed

T =037 95% C1, 0.23 to
0.50)

Positive correlation with the

ITAMS depression scale.

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

Partially confirmed

7 =0.35 (95% CI, 0.21 to
0.48)

Negative correlation with the

ITAMS vigor scale

Lower limit of the confidence intervals at
least <-0.30. If point estimate is <-0.30 and
the lower limit is >-0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI <-0.30 and the point estimate >-
0.30 the

hypothesis is considered not

confirmed with uncertainty.

No

7 =-0.07 (95% Cl, -0.22 to -
0.09)

Mood

Positive correlation with the

ITAMS fatigue scale

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

No (uncertain)

7= 0.22 (95% Cl, 0.07 to
0.37)
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Positive correlation with the

ITAMS tension scale

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

Partially confirmed

T =0.34 (95% CI, 0.20 to
0.48)

Positive correlation with the

ITAMS confusion scale

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

Partially confirmed

7 =031 (95% CI, 0.16 to
0.45)

Positive correlation with the

ITAMS anger scale

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

No (uncertain)

7 =029 95% CI, 0.14 to
0.42)

Positive correlation with the

ITAMS depression scale

Lower limit of the confidence intervals at
least > 0.30. If point estimate is > 0.30 and
the lower limit is <0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.30 and the point estimate
<0.30 the hypothesis is considered not

confirmed with uncertainty.

Partially confirmed

T =0.41 (95% Cl, 0.27 to
0.53)
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Positive correlation with the

ITAMS vigor scale

Lower limit of the confidence intervals at
least <-0.30. If point estimate is <-0.30 and
the lower limit is >-0.30, the hypothesis is
considered partially confirmed. If the upper
limit of CI <-0.30 and the point estimate >-
0.30 the

hypothesis is considered not

confirmed with uncertainty.

No

= -0.12 (95% CI, -0.27 to -
0.04)

Positive correlation with the

TMD score

Lower limit for confidence intervals > 0.49
indicating strong evidence, and > 0.69
suggesting  very strong evidence of
convergent validity. If point estimate is > 0.49
and the lower limit is <0.49, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.49 and the point estimate
<0.49 the hypothesis is considered not

confirmed with uncertainty.

No (uncertain)

T =041 (95% CI, 0.27 to
0.53)

Positive correlation with the

ITAMS NA score

Lower limit for confidence intervals > 0.49
indicating strong evidence, and > 0.69
suggesting  very  strong evidence of
convergent validity. If point estimate is > 0.49
and the lower limit is <0.49, the hypothesis is
considered partially confirmed. If the upper
limit of CI > 0.49 and the point estimate
<0.49 the hypothesis is considered not

confirmed with uncertainty.

No (uncertain)

T=0.39 (95% Cl, 0.25 to
0.51)

Otrdinary regression between
ITAMS subscales and single

item Mood

At least 75% of the coefficients (4 out of 0)
for the subscales significant (p<0.05)

No (uncertain)

r2=0.208, F(173.6)=7.585,

p=0.001 for vigor, p=0.017

tension
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p=0.306 for confusion
p=0.329 for anger

p=0.470 for depression
p=0.693 for fatigue
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Study B - Consistency

Participants and Data Collection

For consistency investigation a total of 68 national professional soccer players (Swann et al.,
2015"), (age = 22.78%5.91 yrs, height = 181+4 cm, weight 78.94+4.5 kg) completed the survey
for an entire competitive season (seasons 2019-2023). After a detailed description of the procedure
and possible risks, players voluntarily decided to participate by signing an informed consent. The
players were part of three professional teams reached by personal connections. The project was
conducted according to the Declaration of Helsinki and was approved by the Bioethics Committee

of the University of Bologna.

Every day, usually in private and at a consistent time in the morning, in any case before each
training session or match, the players filled the Wellness Questionnaire. Moreover, at the end of
each training or match, the players provide the rating of perceived exertion (CR-10 Borg Scale -
RPE, where 0 refers to resting state and 10 to maximal effort) that permits to compute the training
load (TL) of each session as the product between RPE and session duration. In order to assess the
TL status of each player’s session, the TL was aggregated in acute (mean of the past 7 days - TLacue)

and chronic (mean of the past 28 days - TLchronic) Status.
Instruments

Wellness Single-Item Scales

Participants completed the 5 single-item measures for Fatigue, Sleep Quality, Muscle Soreness,
Stress and Mood. The single-item measures were a simple statement of “Descrivi come ti senti in
questo momento (rispetto alla seguenti variabili) - Please describe how you currently feel

(according to the following items)”. All items were rated on a five point response option from one

— <<

to five. Specifically, the verbal anchors were 1 = “nessuna fatica - no fatigue” 5 =“molto stanco -

—

very tired” for Fatigue (item 1), 1 = “ottima - very good” 5 ="’pessima - very bad” for Sleep Quality

(item 2), 1 ="nessuno - none” 5 =”molto indolenzito - very sore” for Muscle Soreness (item 3), 1

—

= “molto rilassato - very relaxed” 5 =”molto stressato - very stressed” for Stress (item 4), 1

—

=“molto positivo - very positive” 5 =molto negativo - very negative” for Mood (item 5).
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Statistical Analysis

In order to assess each item's reliability, a total of 17913 training and matches sessions were
recorded. To detect the players' consistency to fill in the questionnaire, the item provided by players
after a pair of similar training was compared. To define similar training the euclidean distance
between each pair of records for each player was computed. The features used to obtain similarity
were, time, T, (Training LLoad mean of the past week) and TLcnronic (Training I.oad mean of the
past month). Due to the fact that we compute euclidean distance the features were normalized
between 0 and 1 for each player. A distance of 0.01 (variability about 1%) was used as thresholds
for similarity. McNemat's test was used to detect differences between players’ responses (paired

nominal data).

Results

5867 pairs of training sessions reach the criterion of inclusion (euclidean distance between training
session characteristics lower than 0.05) in the reliability analysis. The consistency results are
provided in Table 4. No statistical difference was detected between the two similar training
sessions (p>0.05) for each single-item. In particular, mean differences were found between -0.03
and 0. For more details about consistency, the frequency analysis was provided in Figure 2. Figure
2 shows that most of the time the players provided the same single-item value in similar TL
conditions. At major times, the difference between the two similar training sessions was 1 point.

Only a few times the difference is higher than 1.

Table 4. Items consistency

Items Day1 Day 2 Differences statistic¥*
Fatigue 2.10£0.74 211 £0.73 -0.01 £ 0.58 p=0.54
Sleep Quality 2.00 £ 0.61 2.01 £ 0.62 -0.01 £ 0.42 p=0.68
Muscle Soreness 2.05 £ 0.64 2.06 £ 0.64 -0.01 £ 0.35 p=0.78
Stress 218 £0.75 217 £0.72 -0.00 £ 0.46 p=0.61
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Mood 2.16 £ 0.73 2.16 £ 0.79 0.01 £ 0.48 p = 0.69

* McNematr's test
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Figure 2. Frequency analysis for consistency. The values in the heatmap are expressed as

percentage.
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Discussion

The aim of this study was to explore the validity and consistency of each single-item encompassed
in the Wellness questionnaires. Those scales are commonly used by sports practitioners to monitor
their athletes and by sport scientists in their research. Despite their widespread use, to the best of
our knowledge these single-item scales have not been validated previously. Therefore, the degree
to which these scales measure the constructs they purport to measure was unknown. This is
particularly concerning when the constructs being measured with a single-item are broad

constructs such as Mood and Stress.

Validity

The results of our investigation do not support the validity of any of the five single-item scales in
Italian soccer players. Specifically, the Fatigue and Muscle Soreness scales are commonly used as
single-items in both practice and research, but surprisingly in our cohort, we did not find any
substantial correlation with the criterion measures. This is surprising because other single-item
scales for fatigue and muscle soreness have been validated and are commonly used in many fields
such as occupational therapy'' and/or medicine*". Therefore, the most likely explanation for this
discrepant results is the way fatigue and muscle soreness were measured. In our study, we used a
5-point NRS ranging from 1 to 5. All the other validated fatigue and pain/muscle soreness scales
are VAS and NRS normally ranging between 0 and 10, or 0 and 100. The validated scale with the
least number of points is the muscle soreness scale developed by Vickers*” which has 7 points. As
shown by Dawes™, 5-point scales have less variance than scales with more points. As a result, the
5-point Fatigue and Muscle Soreness scales used in our study may not be able to accurately capture
the full range of fatigue and muscle soreness experienced by the respondent and reduced their

validity compared to scales and questionnaires with better psychometric properties.

With regards to the Sleep Quality scale, it is important to note that sleep quality is a broad construct
commonly measured by questionnaires referring to the previous week or previous month. To the
best of our knowledge, the only validated instruments measures referring to the previous night
was the GSQS that was used as criterion measure in our study because our Sleep Quality scale
refers to the previous night. Nevertheless, we found no evidence of validity for such scale. Again,

the most likely explanation is the narrow range of responses when using a single-item 5-point scale

e
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compared to a more psychometrically robust instrument like the GSQS™ which consists of 14

items that are summed to provide an overall score of sleep quality.

Mood and stress are even more complex psychological constructs with a multifactorial nature that
may be hard to capture with a single-item. To validate the single-item Stress Scale, the DASS-21
stress subscale (same construct) and all the ITAMS subscales (related but different construct) were
used as a criterion measure. Compared to these subscales, the single-item Stress scale showed
partial correlation with 3 of them, and no correlation with 4 of them. Hence, the single-item Stress

scale provides no clear of evidence of validity in Italian soccer players.

In order to test the correlation between ITAMS and the single-item Mood scale, we analyzed all
the ITAMS subscales plus 2 calculated a single score (Negative Affect and Total Mood
Disturbance), and a ordinary regression between ITAMS subscales and single item Mood itself.
Negative Affect score is given by the sum of the negative subscales (fatigue, depression, anger,
confusion, tension) of the ITAMS and TMD equals the Negative Affect score minus the positive
one (vigor). TDM was found to be elevated in periods of intensified training compared to baseline
ot petiods of tapering in college athletes’. TMD directly relates with training intensity regardless
to gender, in runners and college swimmers™™*. A significative difference in TMD was also found
between abbreviated and normal sessions in swimmers. Specifically, during normal-distance
practices, scores on TDM increased from pre- to post practice. In abbreviated practice sessions,
athlete's scores on TMD showed no change from pre- to post practice. The mood changes related
to practice distance were not influenced by the possible moderating factors of expectancy or
performance times™. Single-item Mood Scale seems to provide a trivial assessment of mood when
compared to the referring instruments. Compared to these subscales, the single-item Mood scale

showed partial correlation with 3 of them, and no correlation with 6 of them.

Opverall, these findings do not support the use of these single-item scales to measure mood and
stress in soccer players. As for the other single-item scales, the poor validity of our Mood and
Stress scales may be due to their narrow 5-point range. In addition, it is reasonable to think that a
single-item scale cannot adequately capture and thus quantify the multi-factorial natures of
complex constructs like mood and stress. However, there is some evidence from work
psychology™, health” and organizational psychology'’ that single-item scales with a broader range

of points are able to provide reasonably valid measurements of complex constructs. For example,
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specifically, Matthews'" investigated how well 91 single-items in organizational psychology
performed in relation to multi-items. The vast majority (more than 70%) of the single-item
measures demonstrated strong if not very strong content validity. Most of the single item measures
were judged as reflecting the construct intended, and demonstrated good reliability over time.
Therefore, given the practicality of single-item scales for day to day assessment of soccer players

status, further research using single-item scales with more than 5-points are warranted.

Given that using the 5 items of the Wellness Questionnaire as single-items is not valid, one could
argue for using the Wellness Questionnaire as originally intended, i.e as a sum of the 5 items to
provide a score for the wellness construct. However our results argue also against such use. Indeed,
the CFA do not support the existence of a wellness construct which also has a poor theoretical
underpinning as discussed in the Introduction. Furthermore, the fact that the 5 single-items do
not strongly correlate with each other suggests that, whatever they measure, they are not measuring

similar or related constructs.

Consistency

The consistency analysis results provided no statistically significant differences between ratings
provided the morning after two similar training sessions (p>0.05) for each single-item (mean
differences between -0.03 and 0) (Table 4). As shown in Figure 2, a high percentage of participants
provided the same ratings when the TL of the previous day is controlled for. These results obtained

with data collected in a real-life scenario underline the consistency of these 5 single-item scales.
Limitations

A limitation could be the gender imbalance in the participant sample. We did not include gender
differences in the study design and analysis. Future studies may seek to examine whether

differences exist between sex, gender, or both.

Another limitation could be the use of a very specific participant sample. Thus, it should be

investigated as well for different populations.

The use of 5 points single-item scales to monitor different aspects of the subjective status is very
common in sport. Validated single-item scales normally have more than 5 points so, as underlined

before, a more psychometrically sound version needs to be investigated. Sensitivity of change to

108


https://www.zotero.org/google-docs/?0Ho8XT

physical or psychological load also need to be assessed. Floor and ceiling effect could also be

examined. Future studies may seek to investigate these points.

We used the DASS-21 stress subscales separate from the whole instruments. However, the
performance of a subscale may be different (eg. worse) when used in isolation, that is, not within

the whole instrument.
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Conclusion and Practical Applications

These findings do not provide evidence for the validity of the 5 single-item scales derived from
the Wellness Questionnaire and widely used in research and practice to monitor the status of soccer
players daily. Furthermore, we provided empirical evidence (CFA) against the use of these scales

to provide a total score for the Wellness Questionnaire as originally intended*"**,

The use of single-item scales for daily monitoring in soccer is very common and frequent in all of
the major soccer leagues in the world. in my experience, the use of sigle-item scales for daily
monitoring is feasible and reasonably well tolerated by the athletes. However, without proven
validity and reliability, practitioners cannot be confident that the data collected provide useful
information. Given the potential of daily assessment for soccer players, we suggest performing the

validation of single-items with broader range scales (e.g. 10 or 11 point scales).

These single-item scales are widely used by coaches of all major soccer leagues because they are
simple and non-invasive tools to assess daily the status of soccer players. This information is then
used to make decisions regarding the training or recovery sessions planned for that day. However,
to be valid, such important decisions should be based on valid data. For the first time, we provided
evidence that these single-item scales do not provide valid data regarding the constructs (fatigue,
sleep quality, muscle soreness, stress and mood) they purport to measure. Therefore, we
recommend coaches and sport scientists to stop using these scales. Although they are impractical
for daily use, we recommend that soccer players are assessed weekly using validated scales and
questionnaires such as those used as criterion measures in this study. From a research perspective,
we recommend investigating the validity of single-items with broader range (e.g. 10 or 11 point
scales) because the lack of validity of the scales currently used may be due to their narrow 5 point

range.
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Subjective fatigue and recovery in professional soccer players

Chapter 2 and 3 describe two studies based on thousands of data collected over several years of
practice as a strength and conditioning coach for various professional soccer teams. During these
years, I followed the common practice of measuring the subjective status of my players using the
5 single-item scales derived from the Wellness Questionnaire'. Such practice is based on research
using these scales” and it is widespread at all levels, including many major professional soccer
leagues. This is not surprising because these are practical and non invasive tools that provide a
more systematic way to gather information about the player daily status compared to the informal

conversations and observations of coaches and other staff.

However, to the best of my knowledge, these 5 single-item scales measuring fatigue, sleep quality,
muscle soreness, stress and mood had never been validated against more sophisticated and
psychometrically sound measures of the same constructs. Therefore, as the final study of my PhD
(Chapter 4), we conducted a validation study. As described in detail in that chapter and again later
in this General Discussion, this study failed to provide evidence for convergent validity of these
scales. Therefore, the conclusions reached in the first two studies (Chapter 2 and 3) cannot be

considered valid and the related conclusions should be considered tentative at best.

Nevertheless, the studies described in Chapter 2 and 3 confirm that daily monitoring with simple
single-item scales is feasible and well-tolerated by the players. It is unlikely that more complex
multi-item questionnaires can be used for daily monitoring. Therefore, until valid single-item scales
are provided, we recommend the use, once a week, of validated scales and questionnaires such as
those used as “gold standards” in our validation study (Chapter 4). Although less ideal than daily
monitoring, weekly monitoring of soccer players status, (together with valid data about their weekly
training load using GPS technology and/or Session RPE) may nevertheless provide valid and
therefore useful information to coaches and other staff such as physiotherapists and medical

doctors.

A positive aspect of the studies described in Chapter 2 and 3 is that subjective data collected daily
can be analysed and provide summary information using a big data analytic approach. Nowadays,
in professional sports, daily monitoring of training loads and other variables is widespread. All this
enormous amount of data is not easy to be handled. The big data analytics approached used in

these two studies, applied through the lenses of a theoretical framework such as the one adopted
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for this thesis (Chapter 1), may have huge advantages in the development of accurate predictions
once valid instruments to measure daily subjective status of soccer players are developed. Such
predictions may then support the important decisions that coaches and support staff make every

day with regards to training loads and other aspects of players management.

Validity, consistency and feasibility of single-item scales for daily

monitoring of professional soccer players

The use of single-item scales for daily monitoring in professional soccer is very common and
frequent in all of the major soccer leagues in the world. During my experience, collecting everyday
data during the whole competitive season, with 5 or 6 single-item scales is feasible and reasonably
well tolerated by the athletes. However, without proven validity and reliability, practitioners cannot
be confident that the data collected provide useful information. In Chapter 4 we, for the first time
in sport science, have discussed this custom use putting it under the lens of a stricter psychometric

approach.

Specifically, we have shown for the first time that the analysis of the validity of the so-called
Wellness single-item scales do not clearly support their validity. Therefore, the idea of daily
monitoring should be developed with a better psychometric approach in the development of the
scales, for example encompassing a broder 10 or 11 point scale. Hence, the results of a validation
process should make us more confident in research with these single-item scales and, together with
the proven utility and feasibility of daily monitoring we expect a widespread use of big data
analytics. Then, coaches and practitioners should be able to program the training sessions in

accordance with the subjective status of the players.

Directions for Future Research

Nowadays subjective monitoring is widely recognised as a reliable practice. There is also evidence
that subjective measures are superior to objective measures in the monitoring of athletes’.
Nevertheless, future research should investigate whether the predictive ability of the big data
analytics approach can be improved by the inclusion of objective internal training load (e.g. heart
rate (HR)) and external training load (e.g. GPS measures) that are nowadays commonly used in
many top professional teams. Furthermore, as recently shown in cycling®, the ratios between

subjective measures like SRPE and either external training load or HR may provide even further
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information. This may especially be important in the prediction of fatigue because increases in
these ratios could reflect progressive fatigue that cannot be clearly detected by changes in the

individual measures of sSRPE, external training load, and HR.

Previous research™'’ also suggests that the combination of sSRPE, HR and external training load
may also provide useful information about the nature of fatigue. In fact, muscle fatigue increases
both RPE and HR for the same external load, whereas mental fatigue increases only RPE for a
given external load with HR staying the same or even decreasing. Therefore, the differential effects
of muscle fatigue and mental fatigue on HR and RPE may provide to be useful in predictive models

of fatigue which may be able to differentiate between physical and mental fatigue.

Future studies should also investigate further the relationship between subjective fatigue and
performance. We should understand how performance is linked with subjective fatigue in a team
sport like soccer where technical and tactical components are a very important part of the sport.
Mental aspects of fatigue and recovery should be taken into account. Further evidence that
subjective fatigue and recovery are associated with performance on the field and training responses
may help educating coaches and players about the relevance and practical usefulness of the

measurements and big data analytics approach described in this thesis.

Summary and Conclusion

Based on the findings described in this thesis, the continued use of these 5 single-item scales should
be discouraged as there is no evidence that they provide valid information about the subjective
status of soccer players. Future studies should further investigate the validity of different single-
item scales because daily monitoring of players is useful for coaches and other staff, and could be
analysed effectively using the big data analytics approach described in this thesis. Until then, we

recommend weekly monitoring of players using validated scales and multi-item questionnaires.
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Appendix

Wellness Questionnaire

Descrivi come ti senti in questo momento (rispetto alle seguenti variabili)

Nessuna fatica, Molto stanco
Fatica O O o O (0]
Qualita del QOttima, Pessima,
sonno o) o) o) o) O
Indolenzimento Nessung, Molto indolenzito
muscolare o © © © 0
Molto rilassato, Molto stressato,
Stress O O (@] o (o]
Molto positivo Molto negativo,
Stato d’animo O 0O O O O
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