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Resumo 

 

A presente dissertação teve como objetivo investigar o impacto de 

sessões de treino e de jogos oficiais, realizados em diferentes locais e horas do 

dia na atividade da função autonómica cardíaca e nos padrões do sono em 

jogadoras do futebol feminino de diferentes níveis competitivos (elite e 

semiprofissionais), durante a época desportiva e durante um torneio 

internacional. No primeiro estudo, foi investigada a sensibilidade da variabilidade 

da frequência cardíaca (VFC) noturna para avaliar os efeitos de sessões de 

treino realizadas à noite na função autonómica cardíaca em jogadoras 

semiprofissionais de futebol. Apesar dos treinos realizados à noite não 

parecerem influenciar as slow-wave sleep episode  (SWSE) e os índices da VFC 

analisados hora-em-hora, ambos os métodos (SWSE e índices da VFC 

analisados hora-em-hora) mostraram ser medidas de VFC confiáveis, sugerindo 

que a VFC durante a noite poderá ser sensível (ex. alta capacidade de resposta 

interna) à resposta aos treinos e jogos. Dado que no primeiro estudo os padrões 

de sono não foram quantificados através de métodos objetivos, como a 

actigrafia, foram realizados dois estudos observacionais e longitudinais 

adicionais em que foram incluídos estes métodos, para avaliar o sono e a VFC 

noturna em jogadoras semiprofissionais de futebol. Estes estudos permitiram 

concluir que o horário das sessões (sessões de treino realizadas à noite e os 

jogos realizados durante o dia) e o local dos jogos (jogos em casa vs. fora de 

casa) podem causar perturbações no padrão de sono e/ou na atividade da 

função autonómica cardíaca em jogadoras de futebol.  

Finalmente, considerando a importância da abordagem individualizada na 

análise do sono e da VFC noturna após cargas de treino e de jogo, foram 

realizados um quarto (jogadoras de elite) e quinto (jogadoras semiprofissionais) 

estudos, focando-se especificamente na análise individual da VFC e dos padrões 

de sono. Os resultados destes estudos revelaram uma considerável variação 

individual no sono e da VFC, assim como das cargas de treino e de jogo, 

informação que deve ser considerada na prescrição de sessões de treino e/ou 

jogos.  
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Os resultados da análise observacional da função autonómica cardíaca 

noturna, dos padrões de sono, e das cargas de treino e de jogo em jogadoras de 

futebol realizada na presente tese, podem auxiliar treinadores e profissionais 

clínicos a identificar perturbações da VFC e do sono após treinos e jogos de 

futebol, o que deverá constituir-se como informação relevante aquando da 

prescrição individual de cargas de treino e do tempo de jogo no futebol feminino.  
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Abstract 

 

The present thesis aims to investigate the impact of training sessions and 

official matches performed at different times of the day and in different locations 

on autonomic cardiac function and sleep patterns of female soccer players from 

different competitive levels (elite and semi-professional), during competitive in-

season and during an international tournament. The first study investigated the 

sensitivity of nocturnal heart rate variability (HRV) to evaluate the effects of late-

night soccer training sessions on nocturnal autonomic cardiac function of semi-

professional female players. Although late-night soccer training did not appear to 

affect slow-wave sleep episodes (SWSE) and “hour-by-hour” HRV indices 

analysed, the implementation of both methods resulted in reliable HRV 

measures, suggesting that overnight HRV could be sensitive (i.e., high-internal 

responsiveness) to training and matches responses in female soccer players. 

Since in the first study sleep patterns were not quantified using objective methods 

such as actigraphy, we conducted two additional observational and longitudinal 

studies, where these methods were included to assess nocturnal HRV and sleep 

in semi-professional female players. These studies led to the conclusion that the 

training and match schedule (i.e., night-training sessions and day matches) and 

match location (i.e., home-matches vs. away-matches) may cause disruption in 

sleep patterns and/or in autonomic cardiac activity.  

Finally, and considering the importance of an individualized approach in 

the analysis of sleep and nocturnal HRV from training and match load, a fourth 

(with elite female players) and fifth (with semi-professionals female players) 

studies were conducted focusing on individual HRV and sleep patterns. The 

results of these studies revealed a substantial individual variation in sleep and 

HRV, as well in training and match load, information that should be considered 

when prescribing training sessions and/or matches in women’s soccer.  

The results of the observational analysis of nocturnal cardiac autonomic 

function, sleep patterns, and training and match load in female soccer players 

conducted in this thesis may help coaches and clinical practitioners to identify 

HRV and sleep disorders after training and matches, which may constitute 
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relevant information to individually prescribe training load and playing time in 

female soccer players. 
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1. General introduction  

 

The popularity of women’s sport has increased greatly worldwide over the 

last few decades. Consequently, the number of international competitions, and 

professional and recreational sports leagues for women of various age groups, 

has also increased. This has provided a large number of women with new 

opportunities to train and compete in sports. 

Despite the increased popularity and professionalization, there is still 

limited scientific research specifically conducted with female athletes compared 

to their male counterparts, especially in areas related to performance 

enhancement, fatigue and recovery in different match and training scenarios. For 

example, in some countries most of the female athletes (professional and non-

professional) usually start training sessions at very late hours, close to bedtime 

sleep, due to their daily life commitments (e.g., job, university). In this scenario, 

optimizing recovery is required to reduce the risk of transitioning into a state of 

excessive fatigue as well as to reduce the risk of injury. 

The present thesis starts by describing the impact of training sessions and 

official matches performed at different locations, times of the day and phases of 

the season (in-season and international tournament), using non-invasive and 

time-efficient equipment to monitor autonomic cardiac function and sleep patterns 

in female soccer players. Therefore, it was adopted a “real-world scenario” to 

grant high ecological validity to the studies presented in the thesis. In this chapter, 

it is presented the rationale for performing the series of observational/descriptive 

studies included in the thesis. On the next pages, we will review the current 

literature in order to develop a theoretical basis for our work.  

 

1.1. Activity profile and physiological demands of female soccer 
 

The growing popularity of female soccer in recent years has contributed to 

an increase in scientific investigations related to the physical and physiological 

characteristics of female soccer players. Female players now can train and 

compete in professional settings, which has given rise to an increase in the 
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performance expectations placed upon players, and subsequently a need for 

specific scientific research that could assist in enhancing performance.  

Soccer training and match-play impose a range of demands on players, 

who must have or acquire the necessary capabilities to cope with the specific 

physical load. During training sessions and matches, high physical demands are 

imposed on players through performance of technical skills and drills. High levels 

of activation of different muscle groups are required during body acceleration and 

deceleration during sudden changes of direction, as well as during explosive 

jumps and in actions demanding physical contact between players. The repetition 

of these movements leads to potential decreases in player performance, in a 

particular action or set of motor actions (Reilly & Ekblom, 2005). 

Comprehensively, decrements in performance occur more markedly when the 

players are required to compete and train repeatedly with very short recovery 

periods (Dupont et al., 2010).  

This occurs, especially, in elite soccer players that are constantly exposed 

to multiple high physiological demands due to an elevated number of training 

sessions and matches played in National and international competitions, often 

with congested match calendars (King & Duffield, 2009). In this context (national 

and international competitions), the knowledge of the match physical and 

physiological demands, as well as the induced fatigue is of paramount 

importance to define and optimize recovery strategies to improve player´s 

physical capacities and minimize performance impairment (Bangsbo et al., 2006; 

Brink et al., 2011; Dupont et al., 2010). 

Female national team players and those competing in the highest 

domestic leagues are between 20–27 years old, 1.61–1.70 m in stature, weighing 

57–65 kg, with a body fat percentage of 14.6–20.1 % and lean muscle mass of 

45.7 ± 3.9 kg (Andersson et al., 2010a; Andersson et al., 2010b; Castagna & 

Castellini, 2013; Gravina et al., 2011; Krustrup et al., 2005; Krustrup et al., 2010). 

The height and body mass of elite female players have remained stable over the 

last decades; however, percentage body fat is now lower than previously 

observed (20.8–22.0 %) (Davis & Brewer, 1993). These alterations in body 
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composition likely reflect increased training volume and improved access to 

support staff such as nutritionists and fitness coaches. 

Successful evaluation of the physical demands placed upon soccer 

players requires accurate assessment of both internal and external match 

demands (Gaudino et al., 2015). Accordingly, the use of wearable technology 

such as global positioning system devices, simultaneously with heart rate (HR) 

monitoring, is common in elite sports to monitor the external and internal loads 

that athletes are submitted to in order to assess movement and physiological 

demands, respectively (Halson, 2014a). Studies using global positioning system 

technology found that elite and sub-elite female soccer players cover a total 

distance of around 8–11 km during a match, ranging between 108–119 and 96–

107 meters per minute of play (m/min) for elite and sub-elite players, respectively 

(Andersson et al., 2010b; Bradley et al., 2014; Hewitt et al., 2014; Mohr et al., 

2008; Ramos et al., 2019; Trewin et al., 2018; Vescovi & Favero, 2014), while 

sprinting and high intensity running constitute 8–12% of the total distance 

covered (Andersson et al., 2010b; Bradley et al., 2009; Gabbett & Mulvey, 2008; 

Krustrup et al., 2005; Mohr et al., 2008). Competition level is also important as 

female players perform more repeated sprint bouts during international matches 

than in national league matches (Datson et al., 2014). Additionally, female 

players complete more high-speed running (13 %) and sprinting (14 %) when 

playing an international match than in a national match (Andersson et al., 2010b). 

Accordingly, Gabbett and Mulvey (2008) found that the total distance covered 

was 9968 ± 1143 m in international competitions. The authors also reported that 

during international matches players spent 16 % of total match time standing, 50 

% walking, 27 % jogging, 8 % running at high intensity, 5 % striding, and 3 % 

sprinting. Very similar results were found by Krustrup et al. (2005) who stated that 

female players spent 16 % of time standing, 44 % walking, 34 % in low intensity 

activity, and 5 % running at high intensity. However, there was a wide range of 

movement patterns dependent on the player’s position.  

The cardiovascular workload during a female soccer match is relatively high 

and variable between players (Andersson, 2010). HR measurement is often used 

as an indirect measure of exercise intensity and applied to examine the internal 
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load of players during training or competition (Datson et al., 2014). For instance, 

the amount of time spent in different intensity zones based on the percentage of 

maximum HR (HRmáx) is useful to quantify internal match load (Bendiksen et al., 

2013). According to Andersson et al. (2010b) and Krustrup et al. (2010), average 

HR (HRmean) and peak HR (HRpeak) can reach 86 ± 3 % and 98 ± 1 % of HRmax, 

respectively. This is an indication that female players experience high aerobic 

load throughout a match with periods of near-maximal HR values (Andersson et 

al., 2010b; Krustrup et al., 2010). Significant differences in HR recordings 

between the first and second half were also reported (Ohlsson et al., 2015; 

Rampinini et al., 2008). Peak and mean HR recorded during the first half were 

significantly higher than in the second half (Ohlsson et al., 2015; Rampinini et al., 

2008), especially as a consequence of a reduction in the time spent in the 

intensity zone above 95 % (Ohlsson et al., 2015). Interestingly, HRmean reported 

in female players was within the same range of values as reported in males 

(Bangsbo, 1994).  

 

1.2. Fatigue in soccer – acute and chronic responses 
 

The stress associated with training and competition often temporarily 

impairs player physical performance (Thorpe et al., 2015). This impairment may 

be acute, lasting minutes or hours, and may stem from metabolic disturbances 

and substrate utilization associated with high-intensity exercise (Bangsbo et al., 

2006). Alternatively, exercise-induced muscle injury and delayed onset muscle 

soreness which often follow training with a high eccentric component may lead to 

impairment lasting several days (Thorpe et al., 2015). The balance between the 

stress imposed by training and competition, and sufficient recovery is therefore 

of relevant importance since an imbalance over extended periods of time may 

contribute to potentially long-term debilitating effects associated with overtraining 

(Nimmo et al., 2007). 

As mentioned above, numerous studies have been published reporting 

that total distance and distance covered in high intensity running and sprinting 

are lower in the second half than in the first half of the match (Andersson et al., 
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2010b; Krustrup et al., 2005; Milanovic et al., 2017; Mohr et al., 2008; Mohr et al., 

2003, 2005). According to Mohr et al. (2005), this may indicate that performance 

is hampered in the second half and that fatigue occurs towards the end of a 

match. Players also experience temporary fatigue during other periods of the 

match. A study performed with male soccer players showed that the amount of 

high intensity running in the 5 min period immediately after the most intense 5 

min period recorded during the match is lower than the average of the entire 

match (Mohr et al., 2003). This decrement in performance after a period of 

intense exercise could be interpreted as a natural variation in the intensity of 

matches due to tactical or psychological factors (Krustrup et al., 2006; Mohr et 

al., 2003). However, when players were asked to perform a repeated sprint test 

immediately after a short-term intense period during the match the performance 

in the test was significantly diminished (Mohr et al., 2003). These study results 

suggest that soccer players experience fatigue temporarily during the match 

(Krustrup et al., 2006; Mohr et al., 2005).  

In female soccer players, the total distance covered has been shown to be 

consistent between halves (5230 ± 90 vs. 5210 ± 80 m; effect size 0.2) (Datson 

et al., 2014). However, significant reductions in high-speed running (680 ± 60 vs. 

620 ± 40 m; effect size 1.2) and sprinting (200 ± 30 vs. 170 ± 20 m; effect size 

1.0) occur. Alterations in match-specific skill involvements between halves were 

also found, with the number of tackles being greater in the first than in the second 

half. Another study by Helgerud et al. (2001) showed that the players who 

presented higher fatigue levels during the match were those who exhibited a 

significant decrease in the total number of short passes, as well as in the number 

of successful short passes. 

Another way to analyse the occurrence of fatigue among soccer players 

during competitive matches could be to compare the performance of substitute 

players, who only participate in parts of the second half, with the performance of 

players taking part in the entire match. It was observed that substitutes who came 

on in the second half sprinted and ran at a higher intensity (63 and 25 % more, 

respectively) than players who played the entire match (Mohr et al., 2003). 
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1.3. Monitoring training and match load  
 

Soccer players are exposed to greater training volumes and competition 

demands than ever before (Datson et al., 2014) which may have implications for 

both physical performance and injury patterns. 

Advances in technology available for monitoring athletes has led to greater 

opportunities to scientifically support players, and, thus, information regarding the 

modern (elite) female player is increasingly available. Over the years, numerous 

techniques have been used to determine the physical and physiological profiles 

of soccer players (Casamichana et al., 2012; Di Salvo et al., 2007; Halson, 2014a; 

Mallo & Navarro, 2008). However, not all coaches and scientists engage in 

athlete monitoring (Halson, 2014a). For some athletes/teams/squads, insufficient 

resources can be a major reason for not including a system of training and match 

monitoring. Resources may be in the form of time, money, or the human 

resources needed to collect, process, and analyse the data.  

The quantification of training and match load is generally based on both 

external (e.g., distance, power output, number of repetitions) and internal (e.g., 

oxygen uptake, HR, blood lactate, rate of perceived exertion [RPE], sleep 

duration and quality) indicators of effort and intensity, which are then computed 

with training and match time to derive compound training and match load 

measures such as training impulse (TRIMP) using HR (Banister & Hamilton, 

1985) and session-RPE (s-RPE) using perceived load (Foster, 1998). When it 

comes to monitoring athlete fatigue and/or performance responses to their 

training and match loads, there are various tools and methods available, such as 

monitoring saliva and specific blood variables (Heisterberg et al., 2013; Meeusen 

et al., 2013), or the use of psychometric questionnaires (Borresen & Lambert, 

2009; Buchheit et al., 2013; Hooper & Mackinnon, 1995). Changes in exercise 

blood lactate might be used to track changes in fitness (Beneke et al., 2011), 

however, whether they can inform on fatigue per se is still under debate (Le Meur 

et al., 2013; Meeusen et al., 2013). Moreover, blood sampling may be painful and 

are inconvenient for frequent monitoring. 

 

 



9 

1.4. Monitoring health parameters   
 

There is increasing the interest in monitoring the status of the autonomic 

nervous system (ANS) via measures of HR, including the level and variability of 

HR at rest (Plews et al., 2013; Stanley et al., 2013a), during exercise (Buchheit 

et al., 2010; Buchheit et al., 2012; Garvican et al., 2014; Rowsell et al., 2009), 

and following exercise (Buchheit et al., 2010; Buchheit et al., 2008; Buchheit et 

al., 2013; Buchheit et al., 2012). The main interest in heart rate variability (HRV) 

measures is that they are non-invasive, inexpensive, time-efficient, and can be 

applied routinely and simultaneously in many athletes. While the collection of 

(beat-by-beat) HRV was initially only possible with expensive laboratory-based 

electrocardiograph recorders, the recent availability of valid and portable 

recorders such as HR monitors (Gamelin et al., 2006; Parak & Korhonen, 2015; 

Wallen et al., 2012; Weippert et al., 2010), specifically-designed systems 

(Cassirame et al., 2013; Parrado et al., 2010), or smart phone applications (Flatt 

& Esco, 2013) has substantially boosted the use of HRV monitoring in the field. 

However, despite its common implementation in the field, HRV monitoring is still 

not accepted as a gold standard, likely due to the lack of consistency in the 

literature. While some studies have shown that these measures are sensitive to 

fitness improvements, fatigue, overload or detraining, others have not (Plews et 

al., 2013). Changes opposite to those expected have also been observed, which 

further complicates the interpretation of athletes’ training status (Plews et al., 

2013).  

Besides the importance of monitoring HRV in athletes, in recent years, 

growing interest in understanding the sleep of athletes has seen an increase in 

published studies (Roberts et al., 2019). In fact, athletes and coaches have 

ranked sleep as the most important recovery strategy (Fallon, 2007). 

Interestingly, the fundamental difference between recovery interventions with 

established protocols (e.g., cold water immersion, compression garments, 

electrical stimulation) (Nedelec et al., 2013) and sleeping lies in the fact that sleep 

initiation does not depend entirely on the willingness of the athlete (Nedelec et 

al., 2015a).   
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During sleep, anabolic metabolism is upregulated (Chennaoui et al., 

2016), procedural memories are consolidated (Frank & Benington, 2006), and 

immune responses are augmented (Besedovsky et al., 2012). However, sleep 

loss or deprivation can have significant effects on performance, motivation, 

perception of effort, and cognition as well as numerous other biological functions 

(Halson, 2014b). Furthermore, sleep is associated with many physiological 

processes that may facilitate recovery from, and adaptation to, athletic training 

and competition (Samuels, 2008). Thus, the ability to monitor the sleep duration 

and quality of sleep obtained by an (elite) athlete may be a useful tool for 

evaluating recovery from training and competition (Sargent et al., 2016). 

However, little is known about the sleep characteristics of athletes (Halson, 

2014b; Sargent et al., 2014a), especially female (Roberts et al., 2019). This 

appears to be a considerable oversight given that sleep has been recognized as 

an essential component of recovery. Therefore, it is important to understand how 

the demands of training and competition affect sleep, and this has become a 

priority for coaches and scientists monitoring athletes (Gupta et al., 2017). 

 

1.4.1. Autonomic cardiac function and sleep patterns in soccer  
 

During congested competitive periods, soccer players follow strict match 

and training schedules which can reduce sleep duration (Sargent et al., 2014b) 

and impair recovery processes (Fullagar et al., 2016a), especially when training 

sessions and/or matches occur close to bedtime sleep (Fullagar et al., 2016a; 

Vitale et al., 2019).  

The effects of physical exercise on sleep have been ascribed to factors 

such as time of day, chronotype (i.e., an individual’s circadian rhythm) (Bonato et 

al., 2017), and training load (Buchheit et al., 2004). Bonato et al. (2017) evaluated 

whether the time of day (8.00 a.m. vs 8.00 p.m.) and chronotype could influence 

post-exercise autonomic cardiac control in soccer players in relation to an acute 

session of high-intensity interval training. The authors showed that circadian 

typology determined different autonomic responses during recovery from a 

demanding training bout only in the morning. In a review study, it was suggested 

that sleep indices were likely dependent on the scheduling of practices of the 
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particular sport (Juliff et al., 2015). The study also stated that 52 % of elite athletes 

subjectively reported sleep disturbances following a late match or training 

session. Additionally, it was observed that players presented sleep duration 

within the appropriate healthy range on training and match days concluded before 

6 p.m., but slept significantly less with later bed times after training sessions and 

matches starting after 6 p.m (Fullagar et al., 2016a; Nédélec et al., 2019). 

However, in another study it was found that total sleep time was not affected after 

performing early evening high-intensity training sessions (starting at ~4.30 p.m. 

and finishing at 6.30 p.m.) in elite youth soccer players, compared to nights where 

no evening training was performed (Robey et al., 2014). Therefore, further 

research is needed to determine whether regular training scheduled in the late 

evening affects sleep patterns in team sport athletes. Other factors could also 

impair the function of the ANS and sleep, such as travelling and away-match 

location (Egan-Shuttler et al., 2018). However, the interaction between these 

factors with nocturnal HRV and sleep patterns (evaluated simultaneously) has 

not yet been investigated, especially in female soccer players.  

Nonetheless, it is also important to highlight that sleep patterns and HRV 

changes that may occur during sleep after physical exercise can be influenced 

by whether the athletes are exposed to chronic (habitual) or acute (single) late 

training (Rae et al., 2015) or a night official competition (Vitale et al., 2019). For 

instance, in a recent study was showed that sleep duration and quality of female 

and male athletes were acutely lower during the night immediately after a night-

match compared to previous or subsequent nights (Vitale et al., 2019). In 

addition, in another study was showed that acute physical exercise (running 

exercises), in physically active male subjects, caused delayed recovery of 

nocturnal cardiac autonomic modulation, but no changes in sleep quality 

(Myllymaki et al., 2012). 

For instance, Rae et al. (2015) proposed comparing morning and evening 

time-trial performance, RPE, and mood states of trained swimmers, considering 

chronotype and habitual training time-of-day. The authors found significant 

diurnal variation in performance when the swimmers were grouped according to 

habitual training time-of-day. That is, the swimmers who habitually trained in the 
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morning swam faster at 6.30 a.m. and those who trained in the evening were 

faster at 6.30 p.m. This suggests that diurnal variation in performance is also 

related to habitual training time, although it is not clear whether this is due to 

endogenous factors, training time conditioning, or both. 

In summary, it is noteworthy that more studies is needed in the literature 

analysing objective sleep variables and HRV indices (simultaneously) across 

multiple night-training days, match days, and rest days, as well in different match 

locations (i.e., away-matches vs. home-matches) in high-level female soccer 

players, over several weeks (chronic responses) during the competitive in-

season. Therefore, we conducted two observational studies to describe and 

characterize sleep patterns and nocturnal HRV in high-level female soccer 

players under different match and training constraints. 

One observational study (Study 2) had the main purpose of analyzing 

whether exercise training conducted at night disturbed sleep and affected 

nocturnal cardiac autonomic control during three consecutive weeks (16 days of 

recordings) of the competitive season. The second observational/longitudinal 

study (Study 3) had the main objective of analysing the influence of the timing of 

training and matches, and match location, on the same variables, for six weeks 

(42 days of recordings) of the competitive season. This knowledge could provide 

information on training programming in order to optimize recovery by means of 

implementing sleep hygiene strategies to extend sleep or planning day-time naps 

(Fullagar et al., 2015a).  

 

1.4.2. Nocturnal measurements 
 

Measuring pulse rate is handy and straightforward. It can be measured on 

different settings (i.e., during sleep or awake at rest, during or following exercise), 

and its analysis can be simple or complex (e.g., HR values vs. HRV). All recording 

conditions and methods of analysis have advantages and disadvantages, which 

need to be understood when selecting the most appropriate monitoring 

methodology for athletes (Buchheit, 2014). 

The physiological determinants of resting HRV are multiple and include 

cardiac muscle morphology, plasma volume, autonomic activity, age and body 
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position; resting HRV is essentially related to genetics, plasma volume, 

autonomic activity, and body position (Achten & Jeukendrup, 2003; Aubert et al., 

2003; Bosquet et al., 2008; Sandercock & Brodie, 2006). The basic principle of 

HRV monitoring is to make inferences on possible changes in cardiac ANS status 

due to exercise while using repeated HRV measures over time. Since ANS 

activity is highly sensitive to environmental conditions (e.g., noise, light, 

temperature) (Achten & Jeukendrup, 2003), it is important that precautions be 

taken to standardize recording conditions, in order to isolate the training-induced 

effects on ANS. 

Theoretically, night recordings represent the best (more standardized) 

recording condition for HRV monitoring (Brandenberger et al., 2005; Pichot et al., 

2000). However, the effects that differences in sleep patterns (Otzenberger et al., 

1998) and quality (Burton et al., 2010) have on HRV, independently of training-

related changes in ANS status, have been overlooked in the literature, and 

consequently lead to misinterpretation. To overcome these limitations, HRV data 

collected during selected slow-wave sleep episodes (SWSE; defined as deep 

stage of sleep), that offers great signal stability and high standardization of both 

environmental factors and respiratory influences on HRV, might be preferred 

(Brandenberger et al., 2005; Buchheit et al., 2004). Nevertheless, night 

recordings could be difficult to implement daily (Stanley et al., 2013b), limiting 

their usefulness.  

One of the most critical aspects of the recovery continuum for athletes is 

obtaining enough sleep duration and quality of sleep. It is recommended that 

adults sleep at least 7 hours per night and achieve a sleep efficiency (i.e., time 

asleep as a percentage of time in bed) of at least ≥ 75 % on a regular basis to 

promote health (Ohayon et al., 2017; Watson et al., 2015). However, athletes 

usually sleep less than 7 hours (Gupta et al., 2017), requiring more accumulated 

time to sleep. In fact, extended sleep duration can lead to better psychomotor 

accomplishment and technical accuracy (Mah et al., 2011), with likely positive 

effects on competitive performance (Kolling et al., 2016b). Interestingly, most of 

the research examining athletes’ sleep has been derived from subjective tools 

(e.g., diaries) (Knufinke et al., 2018). This is a problem because subjective tools, 



14 

while useful for monitoring large cohorts, typically correlate poorly with objective 

data (Dunican et al., 2017). 

The ‘gold standard’ for sleep monitoring is polysomnography (PSG), which 

uses surface electrodes to monitor physiological parameters such as brain, 

muscle, heart, and respiratory activity (Kushida et al., 2005). PSG is particularly 

useful for investigating sleep pathologies, including sleep-disordered breathing 

(George et al., 2003) and sleep disturbances caused by concussion (Gosselin et 

al., 2009). However, PSG is expensive and requires specialized laboratory 

equipment, making it impractical for monitoring athletes in the field (Sargent et 

al., 2016). 

Actigraphy, on the other hand, uses accelerometers embedded in 

wearable devices to record movements that can be analysed using algorithms 

that estimate sleep duration and quality (Ancoli-Israel et al., 2003). Actigraphy is 

inexpensive and can be administered with minimal impact on habitual sleep or 

training and/or match routines. As such, actigraphy is the preferred method for 

objectively monitoring during night the sleep of athletes (Sargent et al., 2016). 

 

1.4.2.1. Autonomic cardiac activity  

 

The cardiovascular system is characterized by a complex interaction of 

several organs and tissues including heart and blood vessels; it is regulated by 

intrinsic and extrinsic mechanisms (Ferreira & Zanesco, 2016). The ANS 

provides rapid adjustment of the heart and blood vessels, playing an important 

role in cardiovascular system regulation. 

The heart is a muscular organ with a special excitatory and conduction 

specialized system able to generate rhythmic electrical impulses, as well as to 

transmit these signals throughout the myocardium (Ferreira & Zanesco, 2016). 

Under normal conditions, the conduction process begins in a particular area of 

the heart, named the atrial sinus node, whose electrical property can generate 

the action potential that spreads quickly through specialized fibres to the heart, 

resulting in contraction of the entire cardiac muscle (Shaffer et al., 2014). In 

addition to this intrinsic mechanism that determines the basal cardiac rhythm, the 
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ANS plays an important role in controlling the heart function and vascular system 

through the sympathetic and parasympathetic fibres to the heart, and through the 

sympathetic fibres to the vessels (Ferreira & Zanesco, 2016). 

The two branches of the ANS, i.e. the sympathetic and parasympathetic 

fibres, act in an opposite way, providing fine adjustment to the cardiac tissues in 

response to different stimuli and daily activities. Though, an unbalance between 

sympathetic and parasympathetic drives has been proposed as a potential 

mechanism in some cardiovascular diseases such as arterial hypertension, heart 

failure, and myocardial infarct. 

 

1.4.2.1.1. Assessment of autonomic cardiac activity  
 

HRV is widely used as an indirect marker of ANS and the cardiac 

autonomic nervous system activity. In sports, HRV might provide useful markers 

of positive and negative adaptations to training and competitions (Halson, 2014b; 

Plews et al., 2013). 

Fluctuations in the R–R (normal-to-normal) intervals may be quantified by 

numerous techniques, providing indices that reflect the ANS modulation into the 

heart (Ferreira & Zanesco, 2016). With the objective of standardizing the terms 

and measurement methods in both basic and clinical studies, members of the 

European Society of Cardiology and the North American Society of Pacing and 

Electrophysiology created a Task Force (TaskForce, 1996). Currently, HRV 

analysis can be performed using linear methods, which are divided into the time 

domain and the frequency domain, or using non-linear methods. 

In the linear analysis in the time domain, which is considered as the 

simplest measure of HRV, the indices are derived from the measurement of 

intervals between successive normal beats (R–R) in a series of continuous time 

that can be evaluated by statistical or geometric patterns (Bilchick & Berger, 

2006; TaskForce, 1996). 

The analysis in the time domain further provides other related measures, 

which are derived from the difference between the R–R intervals, including the 

square root of the mean of the sum of the squares of differences between 

successive R–R intervals (RMSSD), the standard deviation of the R–R intervals 
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(SDNN), the number of pairs of adjacent R–R intervals with a difference of 

duration longer than 50 ms in the registration period (NN50), and the percentage 

of successive R–R intervals with a difference of duration longer than 50 ms 

(pNN50) (Ferreira & Zanesco, 2016). 

These indices are obtained by the difference between successive regular 

intervals aiming to detect high frequency oscillations and to provide information 

on parasympathetic autonomic modulation (Kleiger et al., 2005; Pumprla et al., 

2002). Another technique is the Lorenz plot (also known as a Poincaré plot), 

where each beat is plotted in association with the next beat, providing graphical 

information and dispersion of the variation in the time series (Ferreira & Zanesco, 

2016). This analysis can be performed both quantitatively and qualitatively 

(Billman, 2013). 

The linear method in the frequency domain (spectral analysis) has been 

widely used since its introduction in the 1960s as another technique for the 

investigation of HRV (Ferreira & Zanesco, 2016). Unlike the time domain, this 

technique decomposes the total variability of the signal into specific components 

that operate in different frequency bands, allowing identification (Shaffer et al., 

2014). The calculation of the power of spectral density can be performed through 

fast Fourier Transform Techniques or the autoregressive model (Ferreira & 

Zanesco, 2016). As short-time records (2–5 minutes), it is possible to obtain the 

components of very low frequency (VLF<0.04 Hz), low frequency (LF; 0.04–0.15 

Hz), and high frequency (HF; 0.15–0.4 Hz). In the analysis over 24-hours, a fourth 

peak frequency, represented as ultra-low frequency (ULF; 0.003–0.04 Hz) can 

also be obtained (Billman, 2013; TaskForce, 1996). 

The HF component has been widely emphasized as an index that reflects 

the vagal modulation, whereas the LF component reflects an interaction between 

sympathetic and parasympathetic (Kleiger et al., 2005). On the other hand, 

experimental data suggest that the rhythm pattern of very low frequency is 

intrinsically generated by the heart and that its oscillation is modulated by 

sympathetic nerve endings (McCraty & Shaffer, 2015). In addition, the ratio 

between LF and HF (LF/HF) has been used historically as a measure involving 

the sympathetic/parasympathetic balance (Pagani et al., 1986). Nevertheless, 
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recent studies suggest that this measure cannot be used as an accurate measure 

of this balance (Billman, 2013). 

Evaluation of the HRV from linear methods can be performed from records 

with durations of 2, 5, and 15 minutes (short-time), and over 24-hours (long-time) 

(Ferreira & Zanesco, 2016). Although it is also used for short-term analysis, the 

indices obtained in the time domain have been commonly used for long-term 

records to provide better interpretation of the results, because of the instability of 

HR over time. On the other hand, short records are preferably interpreted from 

the frequency domain indices (TaskForce, 1996). The presence of noise, trends, 

ectopic beats, and artefacts has been considered as the main problem found in 

records of HRV. These issues can directly affect the quality of HRV analysis, 

requiring signal correction (Huikuri et al., 1999). Therefore, ectopic beats are, in 

general, automatically removed and replaced with interpolated adjacent R–R 

interval values using a low filter (Tarvainen et al., 2014). In addition, to reduce 

any potential non-uniformity or skewness in HRV, data can be log-transformed 

by taking the natural logarithm (Ohlsson et al.) before conducting any statistical 

analyses (Mourot et al., 2004).  

Monitoring training-related cardiac autonomic responses has been 

facilitated by using after-waking ultra-short-term HRV measurements in male and 

female athletes (Esco et al., 2016; Fazackerley et al., 2019; Flatt et al., 2017a; 

Flatt et al., 2017b; Stanley et al., 2013b). In spite of its usefulness, this method 

does not allow analysis of the time course of post-exercise cardiac autonomic 

recovery or quantification of HRV during periods of physiological steady state (Al 

Haddad et al., 2009; Boullosa et al., 2013). In this sense, HRV recordings 

conducted during night sleep could be an interesting alternative, as previously 

mentioned in this chapter.  

In fact, in one study overnight HRV indices (i.e., increased low frequency 

[LF, in ms2] and reduced high frequency [HF, in ms2]) were significantly altered 

after competitive matches compared to rest days (Bricout et al., 2010).  However, 

most studies involving overnight HRV analysis do not detail the standardization 

of the data acquisition and interpretation, a crucial step to allow comparison of 

results obtained in different studies.  



18 

In this regard, we searched through the literature describing methods of 

overnight HRV analysis to allow the replication of the procedures (Study 1). Thus, 

SWSE (Al Haddad et al., 2009; Brandenberger et al., 2005; Buchheit et al., 2004) 

was one of the methods chosen to assess HRV in our studies. The SWSE 

considers the following: 

 

1) the first 10 min of the first low and regular HR episode lasting at least 15 min; 

2) the lowest standard deviation of R–R intervals (SDNN) throughout the period 

of interest; 

3) a circular Poincaré plot (i.e., a round cluster of points in R–R intervals plotted 

as a function of the previous one); 

4) a low inter-beat autocorrelation between successive R–R intervals (i.e., 

correlation coefficient of the Poincaré plot < 0.5). 

 

Using the SWSE, it was observed that a single session of supramaximal 

intermittent exercise caused a reduction in vagally-mediated HRV indices among 

young non-athletes during night sleep following exercise (Al Haddad et al., 2009). 

It is important to highlight that the SWSE requires the analysis of “only” 10 min 

out of many hours of sleep. 

           In contrast, has been proposed the analyses of overnight sleep cardiac 

autonomic activity using an “hour-by-hour” approach using all the R–R intervals 

recorded throughout the sleep period (Myllymaki et al., 2011). The authors found 

that vigorous late-night exercise did not disturb sleep quality in physically active 

male subjects (Myllymaki et al., 2011). However, it affected the cardiac autonomic 

control during the first sleeping hours. To date, no studies had concurrently 

analysed the sensitivity of both methods (SWSE or “hour-by-hour”) in detecting 

the effects of acute training sessions in highly trained female athletes, with 

special reference to assessing the autonomic activity following late-night team 

sports training. Therefore, one of the main objectives of the present thesis was to 

assess the sensitivity of different methods to assess nocturnal HRV after soccer 

night-training sessions in high-level female athletes (Study 1). We also aimed to 

analyse whether the timing of training (i.e., at night), rest days, match days and 



19 

match location may affect nocturnal cardiac autonomic activity, during the 

competitive season, in female players (Studies 1, 2, and 3). 

 

1.4.2.2. Sleep patterns  

 

In general, sleep is a basic requirement to preserve human health; it is 

assumed to be critical to physiological and psychological restoration in athletes 

(Leeder et al., 2012). Recent studies have analysed the importance of sleep to 

regulate key molecular mechanisms (i.e., transcriptional regulatory proteins (Abel 

et al., 2013; Allada & Siegel, 2008; Crocker & Sehgal, 2010)), demonstrating that 

sleep has an integral role in metabolic homeostasis (Xie et al., 2013). 

Notwithstanding the complexity surrounding the need, rationale, and outcome of 

sleep, it seemingly must serve an important purpose for humans, because sleep 

has survived so many years of evolution (Sehgal & Mignot, 2011). The ability of 

humans to cope with physiological and psychological stressors is critical to 

athletic performance outcomes (Bishop, 2008), and is affected by numerous 

factors, including experience, fitness, motivation, and the natural fluctuation of 

physiological and behavioural processes across a 24-h period (i.e., sleep–wake 

cycle, body temperature, hormone regulation) (Drust et al., 2005). 

Circadian rhythms are primarily controlled by the suprachiasmatic nucleus 

within the hypothalamus (Beersma & Gordijn, 2007). However, the 

suprachiasmatic nucleus is unable to always maintain control over these patterns 

(i.e., between the suprachiasmatic nucleus within the hypothalamus), as humans 

are highly sensitive to alterations in their natural environment (Beersma & 

Gordijn, 2007; Fullagar et al., 2015b), most notably through the light–dark cycle 

(Czeisler et al., 1986). When athletes encounter disruptions to their environments 

(e.g., travel or training and/or competing at night), endogenous circadian rhythms 

and normal sleep–wake cycles can become desynchronized (Beersma & Gordijn, 

2007; Reilly & Edwards, 2007). These perturbations in sleeping patterns can 

cause an increase in homeostatic pressure and affect emotional regulation, core 

temperature, and circulating levels of melatonin, causing a delay in sleep onset 

(Lack & Wright, 2007). 
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Additionally, there is potential for sleep loss and neurocognitive and 

physiological performance to be compromised (Banks & Dinges, 2007; Goel et 

al., 2009; Halson, 2008; Samuels, 2008). Emerging research suggests that there 

are differences in sleep duration and quality between athletes and healthy 

controls. In contrast to non-athletes, athletes are often exposed to conditions that 

can interfere with sleep duration and quality, such as jet lag, unfamiliar sleeping 

environments, evening training, and/or competition and underlying fatigue 

(Robey et al., 2014).  

 

1.4.2.2.1. Assessment of sleep patterns  
 

To detect and manage sleep disturbances, it is important to monitor habits 

and perceptions of sleep with subjective and/or objective measures (Myllymaki et 

al., 2011).  

Overall, two methods are primarily utilized to assess sleep: PSG and 

actigraphy (Nedelec et al., 2015a).  

PSG is considered by many to be the gold standard for measuring sleep 

and typically includes an assessment of eye movement, brain activity, HR, 

muscle activity, oxygen saturation, breathing rate and body movement 

(Roomkham et al., 2018). PSG allows for the determination of sleep stages (rapid 

eye movement and non-rapid eye movement). PSG is typically only utilised to 

assess specific sleep disorders as it is an expensive, obtrusive and complex 

technique, requiring expertise in setting up the individual to be monitored and 

manually scoring the sleep data. Further, PSG typically occurs in a laboratory 

and therefore is impractical for longitudinal monitoring. Finally, PSG may be 

useful in a research context where understanding the effects of an intervention 

on sleep staging may be of interest.  

Actigraphy is usually measured by a small wrist device worn on the non-

dominant arm (Sargent et al., 2016). According to Gogenur (2010), wrist 

movements are continuously translated into an electronic signal through the 

displacement of a piezoelectric transducer. Thereby, the signal is recorded when 

movement occurs in all three dimensions, and thus distinguishes between 

“motionless/resting” and “lying” (Peterson et al., 2012). Activity counts are then 
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provided on a minute-by-minute basis, for example by the so-called zero-crossing 

mode (Gogenur et al., 2009a; Gogenur et al., 2009b). In the zero-crossing mode, 

the number of times per minute where the activity crosses zero activity is 

registered (Gogenur, 2010). These data are then downloaded to a software 

where the final data analysis is performed. Additionally, data collection starts only 

when the device is worn on the body and terminates autonomously when off the 

body (Kolling et al., 2016a).  

Various actigraphic devices have already been applied in sport settings to 

monitor sleep parameters (Fietze et al., 2009; Hausswirth et al., 2014; Mah et al., 

2011). Several studies have assessed the validity of activity monitors for 

measuring sleep by comparing sleep/wake durations determined by PSG with 

sleep/wake durations determined by activity monitors. In healthy adults, high 

correlations have been reported for sleep duration (i.e., 0.89–0.98) (de Souza et 

al., 2003; Kripke et al., 1978; Signal et al., 2005) and moderate-to-high 

correlations have been reported for wake time within sleep (i.e., 0.36–0.85) (de 

Souza et al., 2003; Kripke et al., 1978; Mullaney et al., 1980). More recently, 

validation of activity monitors has moved beyond comparing sleep/wake 

durations towards considering epoch-for-epoch matches with PSG. Agreement 

between PSG and activity monitors is high, with rates ranging from 77 to 91 % 

(Kosmadopoulos et al., 2014; Paquet et al., 2007; Signal et al., 2005). 

Overall, wrist-worn accelerometers allow estimation of total sleep time 

(total amount of sleep obtained), time in bed (time between lying down until 

getting up the next day), wake up time (time between the last minute of sleep and 

getting up from bed), sleep onset time (time of the first epoch of sleep between 

time of trying to initiate sleep and time at wake up), wake after sleep onset 

(number of min awake after sleep onset), sleep fragmentation index (sum of 

mobility and immobility accesses in one minute, divided by the number of 

immobility accesses), latency (time in minutes attempting to fall asleep), and 

sleep efficiency (percentage of time in bed that was spent asleep) (Sargent et al., 

2016). However, activity monitors tend to underestimate sleep in people who 

exhibit high levels of movement during light sleep (Tryon, 2004). This raises a 
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potential issue with the use of activity monitors for measuring sleep in (elite) 

athletes. 

Several studies indicate that elite athletes obtain less sleep than the 

general population (Roach et al., 2013; Sargent et al., 2014a) and/or exhibit 

greater movement and fragmentation during sleep (Leeder et al., 2012; Taylor et 

al., 1997). Given the sleep characteristics of elite athletes, it is important to 

establish how well activity monitors detect sleep and wake variables in this 

population. Therefore, some specific technical procedures were considered when 

using 3-axial accelerometers (Actigraph LLC wGT3X-BT, Pensacola, USA) 

during data collection for the prospective studies conducted for the current thesis. 

The sampling frequency was selected as 50 Hz and the epoch of activity counts 

was 60 seconds. All movements greater than 0.05 g were measured, and values 

outside the range of 3–11 Hz were filtered to eliminate gravitational artefacts 

(Myllymaki et al., 2011; Paquet et al., 2007). All sleep variables were determined 

for each night using the Sadeh algorithm (validated for young-adults) (Sadeh et 

al., 1994).  

Finally, subjective ratings can be obtained via sleep logs, which provide 

useful information about the individual’s habits and perception of sleep (Baker et 

al., 1999). Nevertheless, subjective reports might deviate from objective 

measures (Kawada, 2008), especially with regard to mood and memory biases, 

while personality characteristics may also affect self-reported sleep ratings 

(Jackowska et al., 2011). Indeed, some discrepancies have been detected when 

comparing subjective parameters with objective measures (Kolling et al., 2016a).  

 

1.5. The importance of individualized monitoring  
 

Although it is conventional to focus monitoring on group mean responses 

following a particular training intervention or competition, sport settings frequently 

produce mixed results with high responders and low responders often getting lost 

in averaged data reports (Chrzanowski-Smith et al., 2019; Mann et al., 2014). As 

a result, an increased interest for individualization of monitoring in sport settings 

has given rise to a variety of athlete-monitoring strategies, enabling coaches to 
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better manage fatigue and manipulate training prescription on an individual basis 

(Halson, 2014a). 

Nevertheless, research examining the sleep of athletes has typically 

averaged data across several nights, providing a mean estimate of usual sleep 

(Lastella et al., 2015; Leeder et al., 2012; Swinbourne et al., 2016), especially 

when examining sleep and nocturnal HRV in female soccer players (Studies 1, 

2, and 3). While such approaches are useful to allow basic insight into sleep and 

HRV (to better understand fatigue and recovery in athletes), they lack the 

sophistication to provide understanding of how sleep and nocturnal HRV may 

vary across multiple nights at the individual level (Bei et al., 2016; Buchheit, 2014; 

Nedelec et al., 2018). Moreover, individual variability can reflect differences within 

individuals over time (Van Dongen, 2005), with high intra-individual variability in 

the athletes’ sleep indicating the need for individualized sleep education 

strategies and interventions to promote appropriate sleep (Nedelec et al., 2018). 

Although identifying the optimal amount of sleep on an individual basis may 

be difficult (Watson, 2017), adult and youth athletes who demonstrate average 

sleep of less than 7 or 8 h, respectively, likely warrant additional evaluation to 

identify their specific sleep barriers. Therefore, those individuals that demonstrate 

negative effects of insufficient sleep duration should be encouraged to use sleep 

hygiene techniques to improve daytime energy and alertness (Gupta et al., 2017). 

Longitudinal monitoring of training and match load, sleep, fatigue (e.g., through 

HRV), stress, and mood may not only help identify individuals at risk, but also 

monitor improvements in sleep, well-being, and performance after interventions 

(Simpson et al., 2017). 

In this respect, it might be important to include sleep and nocturnal HRV 

data encompassing individual responses, in addition to group means (Nedelec et 

al., 2018). Also, special attention should be given to the sleep behavior of elite 

athletes (e.g., total sleep time) during periods of congested fixtures, such as 

international tournaments, since sleep deficits can impair performance (Fullagar 

et al., 2015b).  

Although data exist on the role of sleep in recovery and on the impact of 

various interventions (e.g., competitions, time of day for training, training and 
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match loads) on sleep duration and quality, there is a need for more studies to 

describe individual sleep variability during international tournaments, especially 

in elite female athletes, since sleep patterns can affect performance outcomes 

(Juliff et al., 2018). These investigations may identify potential factors related to 

disturbed sleep and nocturnal HRV, which could assist in recommending 

appropriate sleep strategies and better managing fatigue, as well as manipulating 

training prescription and post-match recovery on an individual basis. Therefore, 

we conducted an observational study (Study 4) with the aim of describing 

sleeping patterns and nocturnal HRV individual profiles of elite female soccer 

players from a National team during an international tournament.  

Despite the need for individual studies examining recovery status (i.e., sleep 

and HRV) in athletes, the accurate assessment of an individual’s training load is 

also imperative for effective training prescription. As previously mentioned, (see 

1.3. Monitoring training and match load), training load can be quantified by 

recording both the internal and external loads imposed upon the individual player 

(Impellizzeri et al., 2004). Therefore, valid and reliable indicators of training load 

are essential to monitor the training process. However, it is also important in 

longitudinal studies to quantify intra-individual responses (e.g., within-participant 

associations) following the most appropriate statistical approach, which models 

the longitudinal dataset as a whole using the correct degrees of freedom 

(Atkinson et al., 2011; Bland & Altman, 1995; Chrzanowski-Smith et al., 2019; 

Lazic, 2010). For example, a high within-participant correlation was reported 

between s-RPE and TRIMP for estimating training load in elite male soccer 

players across a typical in-season competitive phase (Kelly et al., 2016), 

suggesting that s-RPE is a simple and practical global indicator of individual 

training load in elite-level soccer players and can reflect the internal training load 

stressors elicited on individual players. Nonetheless, this finding needs to be 

confirmed in other populations (e.g., female soccer players). 

With this in mind, we conducted an observational study (Study 5) not only 

to investigate the association (within-participant correlation) between s-RPE and 

TRIMP, using training sessions with similar contents (i.e., technical training with 

ball involvement) and duration, but also to verify whether different ranges of 
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relative heart rates would correspond to each RPE category. Also, we examined 

the amount of time spent in relative high intensities and the associated intra- and 

inter-player variability during technical training sessions in high-level female 

soccer players.  

 

1.6. Recovery strategies: sleep hygiene 
 

The term ‘sleep hygiene’ was first used by Hauri (1977) in the context of 

providing recommendations for patients to help them improve their insomnia. 

Primary sleep hygiene strategies originally addressed caffeine, alcohol, and 

exercise; they were derived from scientific studies and/or clinical observations of 

patients with poor sleep (Stepanski & Wyatt, 2003). Nevertheless, given the 

significant implications for performance, health, and general well-being, a number 

of recommendations have been suggested to monitor and improve sleep in 

athletes (Fullagar et al., 2015b; Simpson et al., 2017; Taylor et al., 2016).  

In soccer, sleep impairment may be acutely dictated by some constraints, 

such as playing or training at night close to bedtime, congested scheduling, 

travelling, light exposure, use of products containing caffeine or alcohol in the 

period preceding bedtime, and variations in wake up time or bedtime (Nedelec et 

al., 2015a). Thus, proper sleep hygiene is important for all athletes, including 

sleep environment and sleep scheduling. Sleep environments should be 

comfortable, cool, dark, without electronic devices, and with minimal ambient 

noise or distraction (Watson, 2017). To the extent that training and competition 

schedules allow, athletes should be encouraged to establish consistent sleep and 

wake times and incorporate a 30- to 60-min period of quiet relaxation before 

bedtime that can help facilitate sleep onset (Watson, 2017). Efforts should be 

made to limit the effects of training and competition on sleep schedules to reduce 

the risk of sleep restriction in athletes. Variation in training times should be 

minimized and early morning and late evening training and competitions should 

be avoided (Nedelec et al., 2015a).  

One possible way to examine the effect of sleep on performance is to extend 

the amount of sleep an athlete receives and determine the effects on subsequent 

performance. For instance, Mah et al. (2011) instructed six basketball players to 
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obtain as much extra sleep as possible following two weeks of normal sleep 

habits. Faster sprint times and increased free-throw accuracy were observed at 

the end of the sleep extension period. Mood was also significantly improved, with 

increased vigour and decreased fatigue (Mah et al., 2011). Thus, and according 

to the data from this study (Mah et al., 2011) suggest that increasing the amount 

of sleep an athlete receives may significantly enhance performance. 

Athletes suffering from some degree of sleep loss may also benefit from a 

brief nap, particularly if a training session is to be performed in the afternoon or 

evening. Waterhouse et al. (2007) investigated the effects of a lunchtime nap on 

sprint performance following partial sleep deprivation (4 h of sleep). Following a 

30-min nap, 20-m sprint performance was increased (compared to no nap), 

alertness was increased, and sleepiness was decreased. In terms of cognitive 

performance, sleep supplementation in the form of napping has been shown to 

have a positive influence on cognitive tasks (Postolache et al., 2005). Naps can 

markedly reduce sleepiness and can be beneficial when learning skills, strategy, 

or tactics are demanded in sleep-deprived individuals (Postolache et al., 2005). 

Napping may be beneficial for athletes who have to routinely wake up early for 

training or competition and for athletes who are experiencing sleep deprivation 

(Waterhouse et al., 2007). Furthermore, naps may provide an additional 

performance benefit during periods of unavoidable sleep restriction (Brooks & 

Lack, 2006). Naps should be relatively brief (~30 min) to prevent sleep inertia and 

avoided late in the day to prevent any disruption of night-time sleep (Watson, 

2017). While further research is needed to clarify the role of naps in athletic 

performance, specifically in female soccer, the available evidence suggests that 

naps could be a useful way to increase total sleep duration during periods when 

sleep restriction is unavoidable, but not necessarily as a substitute for night-time 

sleep. 

It is important to highlight that other types of sleep hygiene strategies exist, 

especially used in elite soccer players, such as red-light therapy (body receiving 

irradiation from a red-light therapy instrument), relaxation and brainwave 

entrainment (involves stimulating the brain during sleep with frequencies between 

1 and 9 Hz in a sequence mimicking the healthy human sleep cycle), and sleep 
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medication (includes hypnotics, medium half-life benzodiazepines [e.g., 

temazepam], and short half-life non-benzodiazepine medications [e.g., 

zolpidem]. These medications do not contravene the World Anti-Doping Agency 

rules (Nedelec et al., 2015a).  

In summary, sleep is extremely important for numerous biological functions 

and sleep deprivation can have significant effects on athletic performance, 

especially sub-maximal, prolonged exercise. From the available evidence, it 

appears that athletes may be obtaining less than 8 h of sleep per night and that 

increasing sleep (sleep extension) or napping may be useful to increase the total 

number of hours of sleep and thereby enhance performance.  

 

1.7. Rationale and significance of the thesis  
 

Athletes, coaches, and supporting staff should adopt a scientific approach 

to both designing and monitoring training programs. Appropriate load monitoring 

is crucial for determine whether a player is adapting to a training program, and 

minimizing the risk of developing non-functional overreaching, illness, or injury. 

To gain understanding of the training and match demands and their effects on 

the player, several potential markers are available. However, very few of them 

have strong scientific evidence supporting their use. Moreover, very limited data 

exist in female soccer players. 

Monitoring sleep and HRV in athletes can be useful for early detection and 

intervention before significant performance and health decrements are observed. 

Non-invasive and time-efficient methods/equipment such as wearable actigraphy 

and beat-to-beat HR monitors can provide detailed information about positive and 

negative adaptions over short and long periods throughout the competitive 

season. In addition, each athlete can perform the recordings at home, adopting 

a “real world scenario” to grant high ecological validity to the research and/or 

practical interventions. The accumulated knowledge regarding the importance of 

sleep and HRV (especially during night sleep) has led sleep and HRV monitoring 

to become a popular strategy among elite athletes, coaches, and supporting staff. 

However, given the complexity of analyzing nocturnal measurements of sleep 

patterns and cardiac autonomic activity and the limited availability of athletes to 
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participate in sleep studies, those indicators are poorly documented, especially 

in female athletes. 

Monitoring training and match load is also crucial to understand responses 

to training and readiness, enabling appropriate planning. Importantly, load 

monitoring also intends to reduce the risk of injury, illness, and non-functional 

overreaching. In addition, training load data may be useful for team selection and 

determining which athletes are ready to sustain competition demands. 

Therefore, our observational studies on sleep and HRV of elite and semi-

professional female soccer players could assist coaches and clinical practitioners 

to identify sleep and HRV disturbances, especially during periods of high 

congested fixtures such as international tournaments. This may also be relevant 

since in some countries (e.g., Portugal), the majority of female soccer teams 

usually start training sessions at very late hours, close to bedtime sleep, due to 

their life commitments (e.g., job, university) which need to be reconciled with 

training schedules. Finally, the present thesis highlights the substantial individual 

variation in training and match load, sleep, and HRV, which counsels the adoption 

of an individual approach to training and match load monitoring, in designing 

sleep education strategies (sleep hygiene) and interventions to promote 

appropriate sleep and recovery, not only in female soccer, but also in other sport 

populations (e.g., academies or high performance centres of youth and adults 

athletes). 
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2. Aims  
 

The present thesis aims to investigate the impact of training sessions and 

matches performed at different times of the day and in different locations on 

autonomic cardiac function and sleep patterns of female soccer players from 

different competitive levels (elite and semi-professional), during competitive in-

season and during an international tournament.  

All study designs were carefully explained to the subjects, and written 

informed consent was obtained. The following exclusion criteria were defined: 

age ≥18, tobacco use, and use of medications and medical conditions 

contraindicating physical exercise as diagnosed by a sports medicine physician. 

Players were requested to avoid alcohol and caffeine consumption. All studies 

followed the Declaration of Helsinki and were approved by the Ethics Committee 

of the Faculty of Sports, University of Porto (CEFADE 03.2017). 

Studies 1, 2, 3 and 5 were conducted with the same semi-professional 

female soccer team, competing in the first division of the Portuguese soccer 

league. Study 4 was conducted with the Portuguese National female soccer team 

during an international tournament (Algarve Cup 2018). All studies are described 

in detail in chapter III. 

 

3. Structure of the thesis  
 

The present dissertation is organized into four chapters. A survey of the 

literature supporting the aims of the dissertation is provided in Chapter I. The 

main aim of the thesis and the purposes of each study are outlined in Chapter II. 

The studies conducted within the purpose of the thesis are presented in Chapter 

III. Overall, a total of 5 original studies were conducted, each attempting to 

address specific research questions. Additional research outputs are included in 

the Appendix section. General discussions, limitations, conclusions, practical 

applications, and future research suggestions of the present thesis are outlined 

in Chapter IV.  
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4. List of original studies  

 

Study 1 

Effects of Late-Night Training on “Slow-Wave Sleep Episode” and Hour-by-Hour-

Derived Nocturnal Cardiac Autonomic Activity in Female Soccer Players. 

 

Purpose: To assess the sensitivity of nocturnal HRV monitoring methods to the 

effects of late-night soccer training sessions in female athletes. 

Hypothesis: It was hypothesized that training at night compared to non-training 

days would lead to disturbances in both nocturnal cardiac autonomic activity 

methods in female soccer players. 

Methods: Eleven female soccer players competing in the first division of the 

Portuguese soccer league wore HR monitors during sleep at night throughout a 

1-week competitive in-season microcycle, after late-night training sessions (n = 

3) and rest days (n = 3). HRV was analysed through SWSE (10-min duration) 

and “hour by hour” (all the R–R intervals recorded throughout the hours of sleep). 

Training load was quantified by s-RPE (281.8 [117.9] to 369.0 [111.7] arbitrary 

units [AU]) and TRIMP (77.5 [36.5] to 110.8 [31.6] AU), and added to subjective 

well-being ratings (Hopper index = 11.6 [4.4] to 12.8 [3.2] AU). These variables 

were compared between training and rest days using repeated-measures 

analysis of variance.  

Results: The log-transformed SWSE cardiac autonomic activity (lnRMSSD 

varying between 3.92 [0.57] and 4.20 [0.60] ms; η2p = 0.16; 95 % confidence 

interval, .01–.26), lnHF , lnLF, lnSD1 (natural logarithm of short-term beat-to-beat 

variability), and lnSD2 (natural logarithm of long-term beat-to-beat variability), 

and the non-transformed LF/HF were not different between night-training session 

days and rest days (P > 0.05). Considering the hour-by-hour method (lnRMSSD 

varying between 4.05 [0.35] and 4.33 [0.32] ms; η2p = 0.46; 95 % confidence 

interval, 0.26–0.52), lnHF, lnLF, lnSD1, lnSD2, and the non-transformed LF/HF 

were not different between night-training session days and rest days (P > 0.05).  

Conclusion: Late-night soccer training does not seem to affect nocturnal SWSE 

and hour-by-hour HRV indices in highly trained athletes. 
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Study 2 

Does Night Training Load Affect Sleep Patterns and Nocturnal Cardiac 

Autonomic Activity in High-Level Female Soccer Players? 

 

Purpose: To analyse whether exercise training conducted at night disturbs sleep 

and affects nocturnal cardiac autonomic control in high-level female athletes.  

Hypothesis: It was hypothesized that sleep patterns and/or autonomic cardiac 

activity would be affected by night-training sessions in high-level female athletes, 

when compared with rest days. 

Methods: A total of 18 high-level female soccer players (mean [SD]: age 20.4 

[2.1] y) wore actigraph units and HR monitors during night sleep throughout night 

training days (n = 8) and rest days (n = 8), for 3 consecutive weeks. This was a 

longitudinal study that measured internal training load, sleep, nocturnal cardiac 

autonomic activity, and well-being ratings prior to training sessions.  

Results: Training load varied across training days (e.g., TRIMP range, mean 

[SD]; effect size, ES [95 % confidence interval]: 72.9 [18.8] to 138.4 [29.6] a.u.; 

F4,62 = 32.331; η2p = 0.673 [0.001–0.16], large effect; P < 0.001). However, no 

differences in subjective well-being ratings were observed, although ES was 

large. Total sleep time (training days vs rest days: 07:17 [00:47] h vs 07:51 [00:42] 

h; ES = 0.742 [0.59–0.92], P = 0.005; moderate effect) and sleep onset time 

(00:58 [00:19] h vs 00:44 [00:16] h; ES = 0.802 [0.68–0.94], P = 0.001; moderate 

effect) were negatively affected after night training. In addition, small effects were 

detected for wake-up time, time in bed, and sleep latency (P > 0.05). No 

differences were detected in HRV during sleep (range of lnRMSSD: 4.3 [0.4] to 

4.5 [0.4] ln[ms] vs 4.6 [0.3] to 4.5 [0.4] ln[ms]; F3,52 = 2.148; P > 0.05; η2p = 0.112 

[0.01–0.25], medium effect), but the HR during sleep was significantly higher after 

training days (range of HR: 56 [4] to 63 [7] bpm vs 54 [4] to 57 [6] bpm; F2,32 = 

15.956; P < 0.001; η2p = 0.484 [0.20–0.63], large effect).  

Conclusion: Overall, the results indicate that exercise training conducted at night 

may disturb sleep and affect HR, whereas limited effects can be expected in HRV 

assessed during sleep in high-level female soccer players. 
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Study 3 

Sleep patterns and nocturnal cardiac autonomic activity in female athletes are 

affected by the timing of exercise and match location. 

 

Purpose: The aim of the current study was to analyse the influence of the timing 

of training sessions and matches, and match location, on sleep pattern and 

nocturnal cardiac autonomic activity in female soccer players.  

Hypothesis: It was hypothesized that training at night and playing away-matches 

would disturb sleep patterns and nocturnal cardiac autonomic activity more than 

rest days and playing home-matches, respectively, in female soccer players. 

Methods: A total of 17 female soccer players (age: 21.6 ± 2.3 years; mean ± SD) 

wore wrist actigraph units and HR monitors during night-sleep throughout 18 

night-training days, 18 rest days, and 6 match days (3 away-matches and 3 

home-matches) of the competitive period. Training load was quantified by s-RPE, 

HR, TRIMP, and subjective well-being.  

Results: In night-training days, sleep onset time and total sleep time were 

significantly impaired compared to match days (+ 1:47 [0:48; 1:55] hours and 

−1:35 [-1:42; -0:57] hours, respectively; p < 0.001; mean difference ± 95 % 

confidence interval [CI]) and rest days (+ 1:31 [0:52; 1:49] hours and -1:26 [-1:28; 

-0:55] hours, respectively; p < 0.001). In away-matches, sleep onset time was 

delayed compared to home-matches (+ 0:36 [0:12; 0:44] hours; p < 0.001). Sleep 

latency was higher in night-training days compared to rest days (+ 4 [2; 5] min; 

p<0.001), as well as after away-matches compared to home-matches (+ 5 [1; 7] 

min; p < 0.001). HR during sleep was significantly increased after night-training 

days and match days compared to rest days (+ 4 [1; 5] bpm and + 3 [1; 4] bpm, 

respectively; p < 0.001). Furthermore, HRV decreased after night-training days 

and match days compared to rest days (e.g., lnRMSSD, -0.09 [-0.18; -0.08] ln[ms] 

and -0.17 [-0.27; -0.11] ln[ms], respectively; p < 0.001).  

Conclusions: Overall, the time of day for soccer practice (i.e., training at night) 

and match location (i.e., away-matches) may cause disruption in sleep patterns 

and/or autonomic cardiac activity in female soccer players. Additionally, playing 
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official matches during the day and training at night may affect nocturnal cardiac 

autonomic activity by decreasing vagal-related modulation and increasing HR 

during sleep. 

 

Study 4 

Intra-individual variability of sleep and nocturnal cardiac autonomic activity in elite 

female soccer players during an international tournament.  

 

Purpose: To describe individual sleeping patterns and nocturnal cardiac 

autonomic activity of National team female soccer players during an international 

tournament.  

Hypothesis: It was hypothesized that this investigation may find substantial 

individual variability in sleep and HRV measures, which could assist in better 

defining and recommending appropriate sleep hygiene strategies as well as more 

adequately managing fatigue, and manipulating training prescription and post-

match recovery on an individual basis.  

Materials and methods: Twenty elite female soccer players (aged 25.2 ± 3.1 

years) wore wrist actigraph units and HR monitors during night-sleep throughout 

9 consecutive days (6 day-time training sessions, 2 day-time matches and 1 

evening time match) of an international tournament. Training and match loads 

were monitored using the s-RPE and wearable 10-Hz global positioning system 

(total distance covered, training and match exposure time, and high-speed 

running) to characterize training and match loads. 

Results: Individually, s-RPE, total distance, exposure time, and high-speed 

running during training sessions ranged from 20 to 680 arbitrary units (AU), 892 

to 5176 m, 20 to 76 min, and 80 to 1140 m, respectively. During matches, s-RPE, 

total distance, exposure time, and high-speed running ranged from 149 to 876 

AU, 2236 to 11210 m, 20 to 98 min, and 629 to 3213 m, respectively. Individually, 

players slept less than recommended (< 7 hours) on several days of the 

tournament, especially after evening time match (n=8; TST ranging between 

6:00–6:54 h). Total sleep time coefficient of variation ranged between 3.1 and 

18.7 %. However, all players presented good sleep quality (i.e., sleep efficiency  



36 

≥ 75 %; individual range between: 75–98 %) for each day of the tournament. Most 

of the players presented small fluctuations in nocturnal cardiac autonomic activity 

(individual nocturnal HRV ranged between 3.91–5.37 ms and HRV CV ranged 

between 2.8–9.0 %), while two players presented higher HRV CV (11.5 and 11.7 

%; respectively). 

Conclusion: Overall, this study highlights the substantial individual variability in 

sleep and HRV measures, suggesting the adoption of an individual approach to 

analyse sleep, training and match loads, and recovery, to better understand how 

players cope with highly demanding competitions. 

 

Study 5 

Using the rating of perceived exertion and heart rate to quantify training intensity 

in female soccer players: validity and utility. 

 

Purpose: The aims of this study were: (1) to analyse associations between s-

RPE and TRIMP; to verify whether significantly different ranges of percentage of 

HR peak (% HRpeak) would be reached in each discrete RPE category; and (3) to 

investigate the amount of time spent > 90 % of HRpeak and associated intra- and 

inter-player variability during soccer technical training sessions with similar 

content and duration. 

Hypothesis: It was hypothesized that an association (within-participant 

correlation) would be found between s-RPE and TRIMP in high-level female 

soccer players, using training sessions with similar content (i.e., technical training 

with ball involvement) and duration. We also hypothesized that significantly 

different ranges of % HRpeak would be reached in each RPE category; this 

comparison will allow testing of whether RPE category (i.e., exercise intensity) 

can discriminate different cardiovascular demands during soccer drills even after 

disregarding training volume (i.e., duration). Finally, we also hypothesized that 

an association would be found between the amount of time spent > 90 % of 

HRpeak and intra- and inter-player variability during technical training sessions in 

female soccer; this could be important for coaches and technical staff to better 

adjust training loads and strategies (i.e., adapt and manipulate some types of 
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exercises) to adequately stimulate the cardiorespiratory responses of all players 

and avoid under loading some players while excessively loading others. 

Materials and methods: This was a single-group observational study that 

measured internal training load during six weeks of the competitive period in 

seventeen high-level female soccer players. All training sessions started around 

9 p.m. and lasted on average 94 ± 5 min. During each training session RPE 

category, s-RPE, TRIMP, HRex (% HRpeak), and time spent at > 90 % of HRpeak 

were assessed.  

Results: A very large correlation was found between s-RPE and TRIMP (r = 0.78; 

95 % confidence interval: [0.74–0.82]). Significant differences were observed 

between % HRpeak associated with each RPE value (i.e., RPE = 2 AU [68 %; 65–

69 % of  % HRpeak]; RPE 3 [72 %; 69–75 %]; RPE 4 [79 %; 76–82 %]; RPE 5 [84 

%; 81 %–87 %]; X2 =73.34; df = 3; P < 0.001). Intra-and inter-player coefficients 

of variation for the time spent > 90 % of HRpeak (~8 % of training time, ~7 min per 

session) during training sessions were 73 % and 92 %, respectively. 

Conclusion: In conclusion, it was confirmed that s-RPE and TRIMP, displayed 

good convergent validity and different values of % HRpeak were observed for each 

discrete RPE. However, due to the high variability in the time > 90 % of HRpeak, 

careful monitoring of individual exercises should be performed to ensure the 

desired training stimulus for each player. 
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Study 1 

 

Manuscript has been published in a journal issue: accepted author manuscript 

version reprinted, by permission from International Journal of Sports Physiology 

and Performance, 2018, 13(5), 638-644, https://doi.org/10.1123/ijspp.2017-0681.  

 

- Participation in the scientific meeting with oral communication presentation at 

the 4th Saúde Atlântica & ISAKOS & ESSKA International Meeting 2017. Porto, 

Portugal.  

- Participation in the scientific meeting with oral communication presentation at 

International Congress on Team Sports 2018 and published in Abstract book 

VI, pp 52. Universidad Pablo de Olavide, Sevilla, Spain. ISBN: 978-84-617-

9806-3  
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Study 2 

 

Manuscript has been published in a journal issue: accepted author manuscript 

version reprinted, by permission from International Journal of Sports Physiology 

and Performance, 2019, 14(6), 779-787, https://doi.org/10.1123/ijspp.2018-0652.  

 

- Participation in the scientific meeting with oral communication presentation at 

Football is Medicine conference in Cidade do Futebol and published in Revista 

Oficial da Federação Portuguesa de Futebol 2018. Edition Extra nº7, pp 36. 

FPF, Oeiras, Portugal.  
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Study 3 

 

This is an accepted manuscript of an article published by Taylor & Francis in 

Chronobiology International on November 18, 2018, available online at the Taylor 

& Francis Ltd web site: www.tandfonline.com and include link to the article- httt:// 

tandfonline.com/doi/full/10.1080/07420528.2018.1545782 

 

- Participation in the scientific meeting with oral communication presentation 

and published in Abstract book 14º Congresso Nacional de Medicina 

Desportiva 2018, pp 25. Braga, Portugal.  

- Winner of the best oral communication presentation.  

- Best work in the category: Physiology and Biomechanics of Sports: “Padrões 

do sono e atividade autonómica cardíaca noturna após treinos e jogos 

realizados a diferentes horas do dia em futebolistas femininas”. Prémios 

Ciências do Desporto. Comité Olímpico de Portugal (COP) e da Fundação 

Millennium BCP.  
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Study 4 

 

Manuscript has been published in a journal issue: accepted author manuscript 

version reprinted, by permission from PLOS ONE, 2019, 14(9), e0218635, https:// 

doi.org/10.1101/664474.  

 

- Participation in the scientific meeting with oral communication presentation at 

the International Congress CIDESD, Maia, Portugal and published in Journal 

of Motricidade, 2019, 15(S1), pp 113. DOI: 

https://doi.org/10.6063/motricidade.16967 

- Participation in the scientific meeting with oral communication presentation at 

the 24th Annual Congress of the European College of Sports Science (ECSS), 

Prague, Czech Republic and published in Book of Abstracts, 2019, pp 316. 

ISBN: 978-3-9818414-2-8  

- Participation in the scientific meeting with poster presentation at the 25th 

Annual Congress of the European Sleep Research Society (ESRS), Seville, 

Spain and published in Book of Abstracts, 2020, pp . ISBN:  
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Study 5 

 

 

This is an accepted manuscript, reproduced by permission of Wolters Kluwer 

Health, Inc in the Journal of Strength and Conditioning Research 2019, available 

online:https://journals.lww.com/nsca-

jscr/Abstract/publishahead/Using_the_Rating_of_Perceived_Exertion_and_Hea

He.94645.aspx 

 

- Participation in the scientific meeting with oral communication presentation in 

15º Congresso Nacional de Medicina Desportiva 2019. Portimão, Portugal.  
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5. General discussion  

5.1. Sleep and cardiac autonomic activity: the impact of training and 

match schedule and load, and match location in female soccer 

players 

 

  Sport training is characterized by the correct distribution of intensity (i.e., 

load), duration, and frequency of training stimuli (Clemente-Suarez et al., 2019). 

The proper combination of training stimuli and recovery periods produces 

physiological adaptations and increases sports performance (Clemente-Suarez 

et al., 2019). Athletes use numerous methods and tools, such as nutrition and 

ergogenic aids, compression garments, massage, or cryotherapy (Barnett, 2006) 

in order to optimize the recovery phase, looking for performance improvement. 

However, sleep is the most important method for recovery from daily load 

(Myllymaki et al., 2011). Previous studies (Vitale et al., 2017) focused on the 

relationship between exercise and sleep, suggesting that some factors affect 

sleep quality and recovery, such as the chronotype of the athlete or the load or 

time of the day of exercise practice. In our studies (2, 3, and 4), although players 

accumulated, as a group, adequate sleep (≥ 7h), a decreased duration of sleep 

was observed following night-training sessions (9 p.m.; studies 2 and 3) or an 

evening match (7 p.m.; study 4). In fact, an important finding was the consistent 

reduction in TST and a delay in sleep onset time following night-training sessions 

compared to rest days (Studies 2 and 3). Juliff et al. (2015) showed that sleep 

indices were likely dependent on the scheduling of practices of the particular 

sport. Furthermore, Vitale et al. (2019) showed that sleep duration and quality 

were lower during the night immediately following a night-match compared to 

previous or subsequent nights, in both female and male athletes. In our study 

with elite female soccer players (study 4), as a group, players accumulated 

adequate sleep duration and presented good sleep quality on all training-days 

and match days of the tournament. However, significantly decreased durations 

of TST and SE were observed after evening matches compared with day matches 

of the tournament. In fact, the impact of night matches (i.e., schedule time) on 

subsequent sleep is well established (Fullagar et al., 2016b; Sargent & Roach, 
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2016). For example, Sargent and Roach (2016) examined the sleep of elite 

Australian football players on the night immediately following a day match or 

following an evening match. During the night immediately after the evening 

match, the players initiated sleep 2.5 hours later and obtained 2.1 hours less 

sleep when compared to sleep immediately following the day match. In the 

present study, following evening matches, female soccer players initiated sleep 

much later compared to day matches, and obtained less sleep duration compared 

to day matches. Our results suggest that late evening exercise (Studies 2, 3, and 

4), occurring close to bedtime sleep, could impose a high risk of obstructing falling 

asleep at night. Thus, an acceptable explanation for the results observed could 

be the time scheduling of the training and matches. This may suggest the 

potential value of sleep education strategies and interventions to promote 

appropriate sleep and recovery, especially after night competitions. This could be 

very relevant, since athletes are often unable to achieve recommended TST and 

SE, with lower values on the night of competitions compared with the previous 

night (Roberts et al., 2019). Of note, there is a sleep hygiene recommendation 

that suggests not performing intensive exercise within the last 3 h before bedtime 

(Myllymaki et al., 2011); however, this recommendation has not been adequately 

experimentally tested, and several studies (Hauri, 1968; O'Connor et al., 1998; 

Youngstedt et al., 1999) are not in accordance with this affirmation. This is 

specifically interesting, since most Portuguese women’s soccer teams from the 

1st and 2nd divisions habitually train at very late hours (9 p.m.), close to bedtime 

sleep, due to their daily life commitments (e.g., job, university) which need to be 

aligned with training schedules. 

Accordingly, reduced sleep following different match-play scenarios (i.e., 

matches played away or at home) is also of concern for practitioners, given the 

potential for compromised recovery (Skein et al., 2013). For instance, due to the 

time needed to travel, sleep patterns after away-matches could be more affected 

than after home-matches (Fowler et al., 2015). In fact, changing match contexts 

can disrupt “normal” sleeping patterns of players (i.e., change of location, kick-off 

time, and travel (Fullagar et al., 2016a)). In one longitudinal study of this thesis 

(Study 3), female athletes presented delayed sleep onset time (+ 36 min) and 



111 

increased sleep latency (+ 5 min) following away-matches compared to home-

matches. A possible explanation for these findings might be that players arrived 

home later after away-matches. Additionally, it could be speculated that post-

match social activities (Nedelec et al., 2015a) had a greater influence after away-

matches than home-matches since players travelled back home together. Long 

and international air travel could increase jet-lag symptoms and impair mood 

state (Bonnar et al., 2018), and subsequently affect sleep (Nedelec et al., 2015a) 

and HRV (Egan-Shuttler et al., 2018) indices in trained athletes. However, these 

issues seem not to be solely related to travel distance per se (Carriço et al., 2017) 

as the players in the current study did not have to travel by bus for more than 3 

hours after away-matches. 

Recent studies investigating the differences in sleep behaviours among 

soccer players have identified several potential chronic and acute causes of sleep 

disturbance (Vitale et al., 2017). One possible explanation for the findings 

observed when comparing night exercise with day exercise and rest days could 

be the athlete’s exposure to stadia bright light. Light exposure may have an 

impact on sleep by extending sleep onset, reducing TST, and augmenting latency 

(Nedelec et al., 2015a). Our studies (Studies 2 and 3) showed that athletes were 

exposed to, approximately, > 1200 lux during night-training sessions. Factors 

such as luminance levels, exposure duration, and timing and wavelength of light 

have an important influence on the alerting response of humans, with bright 

polychromatic light (≥ 1000 lux) being sufficient to elicit maximal alerting effects 

(Cajochen, 2007).  

Another possible explanation for the findings of the present thesis, i.e. 

increased and significant differences found in HR when comparing night-training 

sessions and official day matches with rest days (Studies 1, 2 and 3) could be 

the complexity of physiological changes acutely induced by exercise (e.g., 

increase in thermogenic hormones and elevation of body temperature and HR 

(Borsheim & Bahr, 2003)). Moreover, an effect of exercise on sleep disturbance 

may be related to the delay in reactivation of parasympathetic activity following 

exercise, leading to persistently high HR at bedtime, lasting for the first 3 (Study 

1) or more sleeping hours (Studies 2 and 3). Previous studies concerning this 
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topic have reported elevated HR during sleep after strenuous (Hauri, 1968) and 

prolonged submaximal exercise (Mischler et al., 2003). 

Despite overnight HR disturbances, no significant nocturnal HRV changes 

were noticed during the night-training days compared with the non-training days 

(i.e., rest days) in semi-professional female soccer players (Studies 1 and 2) and 

during 9 consecutive days of an international tournament in elite female soccer 

players (Study 4). These findings may indicate that the used HRV-derived 

methods (i.e. “hour by hour” and/or SWSE) were not sensitive enough to detect 

the overnight cardiac autonomic activity disturbances, in these specific 

observational studies, in (elite) female soccer players. However, as the 

implementation of both methods resulted in highly reliable lnRMSSD measures 

(Study 1), it can be put forth that overnight HRV could be sensitive (i.e., high-

internal responsiveness) to positive and negative changes due to training 

sessions and matches. Alternatively, and more likely, it could also be suggested 

that the amount of training load prescribed to the investigated semi-professional 

soccer team (Studies 1 and 2) was not high enough to cause meaningful changes 

in the cardiac sympathetic and parasympathetic activities. Notably, in both 

referred studies (Studies 1 and 2), daily TRIMP ranging between ~73 and ~138 

AU and s-RPE between ~193 and ~442 AU, respectively, was not high enough 

to cause overnight changes in the sympathetic and parasympathetic systems. 

 In a study conducted by Impellizzeri et al. (2004) involving 19 young male 

soccer players, the mean s-RPE during soccer-specific sessions ranged between 

343 and 634 AU. Moreover, Milanez et al. (2014) reported that professional 

female futsal players accumulated between 343 and 419 AU (s-RPE). However, 

in that study, it was possible to observe (in a subsample) increased stress 

symptoms (i.e., reduced salivary immunoglobulin A concentrations and increased 

number of “worse than normal” responses to the Daily Analysis of Life Demands 

for Athletes questionnaire) when the s-RPE passed ~500 AU per day. Therefore, 

it can be hypothesized that high levels of training load (e.g., s-RPE > 600 AU), 

which is typical during soccer matches in male and female soccer players 

(Alexiou & Coutts, 2008; Impellizzeri et al., 2004), can substantially disturb 

overnight HRV. Additionally, in the second study of this thesis (Study 2), night-
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training sessions associated with the lowest and highest TRIMP (Figure 2) did 

not result in different vagally-mediated HRV throughout the sleep hours. The 

current findings extend the previous results (Study 1) by showing that TRIMP 

ranging between ~78 and ~111 AU in night soccer training sessions does not 

affect overnight HRV compared to rest days. Nevertheless, this topic deserves 

future studies. For the moment, in highly trained female soccer players, training 

load in the range observed herein seems to not induce significant changes in 

HRV during post-exercise night sleep. Supporting this notion, the perceived well-

being (as established by Hooper et al. (1995)) of the players from both studies 

(Studies 1 and 2) did not significantly change across the training days, thus 

indicating that the training load of the investigated studies was well tolerated by 

the players. 

In addition, no significant changes in nocturnal HRV were noticed across 

9 days of an international tournament (independently of being day training, day 

match, or evening match) in elite female soccer players (Study 4). Regarding the 

training and match loads of the investigated female soccer team, it appears that 

the s-RPE of training sessions and matches during the international tournament 

were not high enough to cause overnight changes in the cardiac autonomic 

system in this specific National team. Our study showed that, as a group, elite 

female soccer players can tolerate up to ~3000 AU across 9 days or ~600 AU 

per day of s-RPE during an international tournament, without presenting signs of 

severe nocturnal cardiac autonomic perturbation. In addition, training and match 

load parameters were not significantly correlated with HRV, indicating the 

absence of a dose-response feature in this sample of elite players that could 

suggest decreased tolerance to the higher loads experienced during the period 

of observation. It is probable these players are more resilient to sustained high 

levels of training and match load without presenting signs of severe nocturnal 

cardiac autonomic perturbation when compared to our studies conducted with 

semi-professional players (Studies 1 and 2). However, this needs to be further 

investigated. Furthermore, in Study 4, players seemed to display lower 

perturbation of nocturnal cardiac autonomic activity, as expressed by the 

lnRMSSD CV (Flatt et al., 2017a). Although the study comprised only 9 days of 
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observation, it can be globally inferred that players were coping well with the 

training sessions and matches. In fact, a reduced lnRMSSD CV without a clear 

decrease in the lnRMSSD, which occurred for most of these female soccer 

players, may reflect the possibility of a high level of readiness to perform (Esco 

et al., 2014) during the international tournament. This finding corroborates 

previous studies assessing HRV in athletes during the day (Flatt et al., 2017c; 

Nakamura et al., 2016).  

Interestingly, in the third study (Study 3) the training load imposed on the 

semi-professional female soccer players appeared to be enough to cause a 

significant impact on HRV during SWSE. In fact, soccer practices significantly 

decreased RMSSD and HF (Camm et al., 1996). Moreover, the training loads 

measured in the night-training day and match day in the referred study were 

higher (e.g. TRIMP ~193 AU for night-training sessions and ~302 AU for day 

matches) compared to values detected in other studies (Studies 1 and 2), in 

which the cardiac autonomic homeostasis of female soccer players was not 

disturbed by night-training sessions with daily TRIMP ranging between ~73 and 

~138 AU. Thus, it could be speculated that the training loads of training sessions 

and matches imposed on the players in the Study 3 were high enough to promote 

significant changes in vagal activity, expressed through the increase in HR during 

sleep. However, this topic deserves future investigations to better elucidate the 

relationship between training and/or match load and cardiac autonomic 

disturbance during sleep. Nevertheless, it is suggested that training and match 

loads in the ranges observed herein may induce significant changes in HRV 

during post-exercise night sleep in high-level female soccer players. 

Nevertheless, and considering the nature of this thesis was 

observational/descriptive, we recognize as important limitations to mention here 

on discussion section the lack of control of other variables that could also explain 

sleep patterns and HRV results: such as the habitual training time-of-day of the 

athletes and chronotype, as already mentioned on literature review (see section 

1.4.1. Autonomic cardiac function and sleep patterns in soccer), hormonal 

information (e.g., menstrual cycle) and food intake before bedtime.  
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For instance, Julian et al. (2017) investigated the potential effects of 

menstrual cycle phase on performance in soccer specific tests (Yo-Yo 

Intermittent endurance test, counter movement jump and 3 x 30 m sprints). The 

authors found a reduction in maximal endurance performance during the mid-

luteal phase of the menstrual cycle. However, the same effect was not observed 

for jumping and sprint performance. Therefore, consideration of cycle phase 

when monitoring a player's endurance capacity may be worthwhile.  

 Concerning food intake before bedtime, studies have suggested that 

particular foods/diets are important for re-entrainment of the peripheral circadian 

clock (Nedelec et al., 2015b). For example, a meal high in carbohydrate, but low 

in protein may theoretically facilitate uptake of tryptophan and its conversion to 

serotonin, inducing drowsiness and sleep; on the other hand, a meal high in 

protein but low in carbohydrate might enhance tyrosine uptake and conversion to 

epinephrine, increasing arousal levels (Leatherwood & Dragoo, 2013). Studies 

investigating the effects of carbohydrate ingestion on indices of sleep duration 

and quality are limited and provide contradictory results (Halson, 2014b). 

However, to counteract the potential decreased rate of muscle glycogen 

resynthesis among soccer players exposed to sleep deprivation (Skein et al., 

2011), a preventive strategy may be to ensure additional carbohydrate is 

consumed in these circumstances (Burke et al., 2006). Furthermore, according 

to Ranchordas et al. (2017), it is important to ensure that recovery strategies are 

implemented every hour until sleep, encouraging more liquid based nutrient 

sources (e.g. milkshakes, sport supplement drink) to offset any potential 

gastrointestinal issues associated with the ingestion of solid foods before bedtime 

in soccer players. No caffeinated drinks (e.g. coffee, cola) should be consumed 

pre-sleep, but a snack containing casein (slow release protein) can be adopted 

before bedtime (Ranchordas et al., 2017). 

Unfortunately, due to time and technical constraints, information about 

these variables, i.e. menstrual cycle and food intake before bedtime, was not 

collected. Therefore, the mechanisms underlying sleep and HRV results 

observed after exercise can only be speculated.  
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5.2. Individual approach: recovery status and training and match load 

monitoring in female soccer players  

 

            Everyday life experience overwhelmingly confirms that the magnitude of 

response to regular exercise training differs within individuals. This intra-

individual variability of training efficacy is reflected in the concepts of talent or 

trainability and translates to “subject-by-training interaction” in statistical terms 

(Arbab-Zadeh et al., 2014; Chrzanowski-Smith et al., 2019). Moreover, this 

phenomenon is not only observed with regard to physical performance but also 

to virtually every physiological and health-related outcome measure (Bouchard & 

Rankinen, 2001). 

           As already mentioned in chapter I, the majority of research available 

examining the sleep of athletes, especially females, has typically averaged data 

across several nights, providing a mean estimate of usual sleep (Costa et al., 

2018a; Costa et al., 2018b; Costa et al., 2018c; Lastella et al., 2015; Sargent et 

al., 2014b).  

           In our studies, when analyzing the data as a group, players accumulated 

adequate sleep duration (Watson et al., 2015) and presented good sleep quality 

(Ohayon et al., 2017) after night-training sessions and/or day matches (Studies 

2 and 3). Additionally, in study 4, when analysed as a group, players accumulated 

adequate sleep duration and quality on all training days and day matches of the 

tournament. However, when we looked more carefully at the results of our studies 

(Studies 2 and 3), more specifically at the variability of sleep duration, we found 

that some female soccer players slept less than recommended after night-training 

sessions. The same situation occurs in our study conducted in elite female soccer 

players (Study 4), where individual sleep analysis showed that some players slept 

less than recommended during the tournament, especially after the evening 

match. Furthermore, another interesting and notable finding of the mentioned 

study (Study 4), was that six players (including one player who played all 

matches; player 10) seemed to constantly “compensate” the low sleep duration 

after participating in matches (independently of being day matches or evening 
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match), by extending sleep duration on the next day, probably as a “self-sleep 

hygiene” strategy.  

In the same line, overnight changes in the cardiac autonomic system may 

present different results depending on the type of analysis performed (individual 

or as group), with high responders and low responders often getting lost in 

averaged data reports (Mann et al., 2014). The lnRMSSD CV has been assessed 

in studies involving highly-trained athletes as a marker of variation in daily 

assessed lnRMSSD (Esco et al., 2014). In a recent study (Flatt et al., 2017b), the 

authors suggested that a high diurnal lnRMSSD CV (subject 3 CV=14 % and 

subject 8 CV=12 %) was positively associated with perceived fatigue and 

negatively associated with the physical fitness of female soccer players. 

Moreover, another study found that diurnal lnRMSSD CV measured in swimmers 

can increase to values > 10 % during overload periods (Flatt et al., 2017c). In our 

study 4, as a group, lnRMSSD derived from the SWSE method displayed low 

average CV (6 %). In fact, most of the lnRMSSD values across all days of the 

tournament were located within the smallest worthwhile change range (3 %) 

(Buchheit, 2014). However, individually, two players (player 6 and 7) presented 

higher lnRMSSD CV (11.5 and 11.7 %; respectively) and a reduced average 

lnRMSSD (3.66 ms and 2.73 ms; respectively), contrasting with the remaining 

players of the team. Thus, overnight HRV during the observed international 

tournament was more susceptible to variations in these two players. Furthermore, 

it could be speculated that higher lnRMSSD CV associated with reduced average 

lnRMSSD during training and matches may be interpreted as a sign of overload 

(Flatt et al., 2017b). Therefore, although no significant within-participant 

correlation between lnRMSSD and training and match load could be detected in 

the current study, it is highly advisable that coaches closely examine individual 

cases of players that may be suffering some detrimental effects during the 

competition, in order to promote their recovery through sleep hygiene and other 

means (Simpson et al., 2017). 

The importance of monitoring recovery status in athletes is well known 

and, consequently, monitoring and understanding individual training load is vital 

to promote physical performance increase and reduce injury risk. 
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Mismanagement of training load in team sports increases the risk of 

overreaching/injury when it is too high and originates loss of performance or 

detraining when it is too low. This is the main reason for finely monitoring internal 

training load using valid and reliable methods on an individual basis which can 

inform training prescription. The use of unobtrusive and cost-effective RPE scales 

across training and competition settings - compared with microtechnology 

sensors such as HR monitors - has been spreading in team sports. Therefore, it 

has become common practice to validate s-RPE as a measure of internal training 

load by testing its correlation with TRIMP and measures of external load 

(McLaren et al., 2018). The findings of study 5  indicate that s-RPE is acceptably 

valid for players of a highly-trained soccer squad, but also underline that 

measurement of HR can provide an additional objective evaluation of internal 

load (Impellizzeri et al., 2004; Scott & Lovell, 2018) as both metrics share ~61 % 

of the variance. More importantly, different discrete values of RPE from the CR-

10 scale were associated with significantly different HR values, where a rise of 

one point on the scale can represent a meaningful change in the objectively 

determined exercise intensity. With this knowledge, coaches might estimate the 

cardiovascular demands of a given soccer training session using the RPE scale, 

which is a cost-free tool. However, further studies must determine whether these 

values can be generalized to other samples of female athletes. Furthermore, it is 

needed to extend our findings in the range of RPE values > 5, since we only 

included training sessions with RPE varying between 2 and 5. In this sense, other 

training modes (e.g., high-intensity interval training, repeated sprints training, 

extensive technical drills, etc.) should be included in the observations. Finally, 

although there was great intra- and inter-player response variability, this study 

found that female soccer players spent adequate time > 90 % of HRpeak 

(Castagna et al., 2013) during training sessions. On average, players spent ~8 

% of training time at HR > 90 % of HRpeak (resulting in ~7 min per session). This 

is within the recommendations to improve aerobic fitness (Castagna et al., 2013) 

referring that, achieving 7–8 % of training time at HR > 90 % of HRpeak, players 

can significantly increase aerobic fitness (lactate threshold and oxygen uptake). 

These results suggest that technical staff should be encouraged to monitor HR 
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during training sessions to better adjust training loads and strategies to 

adequately stimulate the cardiorespiratory system of all players. A good strategy 

could be prescribing high-intensity interval training using standard field tests to 

elicit known cardiovascular responses (i.e., > 90 % of HRpeak) (Buchheit, 2008; 

Impellizzeri et al., 2006) to those players accumulating a short time period > 90 

% of HRpeak during technical training.  

In summary, for understanding the athlete’s individual responses and to 

optimize the scheduling of training and recovery strategies it is crucial a 

comprehensive monitoring of his/her performance, fitness and fatigue status. 

Moreover, an “individual approach” in athletes monitoring, could help in better 

prescribe training contents and more adequately manage fatigue, as well as 

recommend pertinent post-match recovery strategies, such as sleep hygiene 

interventions.  

 

6. Limitations  

 

           Given applied research nature of this thesis several limitations can be 

pointed out: 

 

• Polysomnographic measurements (typically includes an assessment of eye 

movement, brain activity, HR, muscle activity, oxygen saturation, breathing 

rate and body movement) were not used in the present thesis, and therefore 

the impact of training and match load performed at different times of the day 

and in different locations, as well as during an international tournament, on 

sleep stages cannot be discussed; 

• Usually some questionnaires (e.g. diaries) and specific scales for sleep 

investigation are used with actigraphy, with the intention of complementing 

the information extracted from the actogram, especially when practitioners 

intend to record napping times during the day. Unfortunately, technical 

problems and/or player compliance resulted in several missing data points, 

and for this reason we decided to remove this information from the studies; 
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• Although players had a period of familiarization with the devices used to avoid 

training and match activities or sleep pattern being disturbed by the 

equipment, some players reported some discomfort during the data collection. 

Unfortunately, this type of constraints associated with data collection with HR 

monitors and watches could not be avoided; 

• Despite having a relatively standardized ideal sleep amount of time (i.e., ~7–

9 h/day) for most of the population, many individuals have different needs for 

hours of sleep per night (Grandner & Kripke, 2004). Individuals are classified 

according to their duration of sleep as short or long sleepers (Aeschbach et 

al., 1996; Aeschbach et al., 2003). Short sleepers may present good sleep 

quality perception and recovery status with a few hours of sleep, while long 

sleepers need nine or more hours of sleep to feel recovered or rested. 

However, this characterization was not performed, which is recognized as an 

important limitation of the current thesis; 

• Given Study 4 was conducted in a field setting (i.e., real-world scenario), there 

were many uncontrolled factors that may have affected the athletes’ sleep, 

other than match and or training scheduling and load (e.g., use of caffeine; 

social media after lights out, electronic devices, level of light exposure during 

daytime, twin rooms, temperature in rooms, and perceived stress/well-being). 

In fact, additional measures (e.g., well-being ratings) are needed to 

contextualize and better interpret changes in HRV (Bellenger et al., 2016; Flatt 

et al., 2017b). Unfortunately, due to time and technical constraints, well-being, 

fitness level, and information about perceived stress was not collected, and 

we recognize this as an important limitation of the current study to better 

understand the HRV values of each player during the tournament; 

• In Study 4, since there were missing data on some days, caution should be 

taken when interpreting the CV values for sleep and HRV. Furthermore, this 

study was limited by the fact that a “real baseline” was not assessed for 

possible sleep and nocturnal HRV comparisons across the 9 days of the 

tournament. Finally, while the s-RPE method may be simple, valid, and 

reliable, in this study we did not use other types of internal training and match 
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load monitoring (e.g., HR monitors), which could provide objective information 

for interpretation of the physiological responses of players; 

• In Study 5, an eventual effect of residual fatigue (especially on the first training 

session of the week) caused by playing the weekly match was not controlled. 

This is important since in this study players had dissimilar participation times 

(from 0 to 90 min) and this aspect could influence s-RPE and TRIMP 

(Rodriguez-Marroyo et al., 2012); 

• Finally, we emphasize that since individual characteristics (e.g., aerobic 

fitness) can influence the relationship between RPE and HR, our results 

cannot be generalized to other samples of soccer players. 

 

7. Conclusions  

 

             Based on the conclusions of each of the studies included in this 

dissertation, the following major conclusions can be outlined:  

 

• Late-night soccer training does not seem to affect SWSE or “hour-by-hour” 

HRV indices in highly trained female soccer players, but elevates HR during 

the first 3 sleeping hours compared with the non-training days, throughout a 

1 week competitive in-season microcycle. 

 

• The implementation of SWSE and “hour-by-hour” methods resulted in highly 

reliable lnRMSSD measures, suggesting that both methods could be used to 

record overnight HRV in high-level female soccer players. 

 

• Exercise training conducted at night (after 9 p.m.) may disturb sleep and 

increase HR, whereas limited effects can be expected in overnight HRV of 

high-level female soccer players, during 3 consecutive weeks of the 

competitive in-season.  

 

• The time of day for soccer practice and match location may cause disruption 

in sleep patterns. Additionally, night-training and match days, compared to 
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rest days, may affect nocturnal autonomic cardiac activity of high-level female 

soccer players during 6 weeks of the competitive season. 

 

• High-level female soccer players engaged in soccer training late in the night 

throughout 3 and/or 6 consecutive weeks of the competitive season, 

displayed an average of  7 hours of sleep per night. Given that 7 to 9 hours 

of sleep per night might be required to avoid cumulative deficits in daytime 

function, it is reasonable to suggest that recovery was not impaired. 

 

• During 9 days of an international tournament, some elite female soccer 

players presented less sleep than recommended in some days of the 

tournament. However, the highest number of athletes sleeping less than 7 

hours was found after evening matches compared with the remaining days. 

Nevertheless, all players displayed good sleep quality for each day of the 

tournament. Additionally, most players seemed to present small fluctuations 

in nocturnal cardiac autonomic activity.  

 

• Overall, elite female soccer players from a National team seemed to be highly 

resilient to training and match loads during an international tournament. 

Moreover, this study highlighted the substantial individual variability in sleep 

and HRV measures, suggesting the adoption of an individual approach to 

monitor sleep, training and match loads, and recovery, to better understand 

how players cope with highly demanding competitions.  

 

• We confirmed the convergent validity of s-RPE and TRIMP and different % 

HRpeak values observed for each discrete RPE using within-subjects statistical 

approach. 

 

• Finally, during technical training sessions, soccer players presented very high 

variability in the time spent > 90 % of HRpeak, although on average they tended 

to reach adequate exercise intensity to improve or maintain their aerobic 

fitness. 
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8. Practical applications 

 

           The primary purpose of this thesis was to expand the current scientific 

knowledge in female soccer, especially in areas related to autonomic cardiac 

function and sleep patterns in different match and training scenarios. The 

following practical applications should be considered by practitioners in the field: 

 

• The participants of studies 1, 2, 3 and 5 were mainly female collegiate athletes 

who need to balance sports, academic study, and their daily life. Previous 

studies have not focused on this kind of population, which needs special 

consideration. Tracking sleep and recovery metrics over the course of a 

competitive season may assist coaches and sports scientists in making 

informed decisions regarding training and recovery in female collegiate 

athletes.  

• Recent studies have reported ANS status to be an important factor governing 

training response. This is because assessment of ANS function effectively 

includes important information concerning acute and chronic physiological 

processes that occur before, during, and after exercise training. Our results 

confirm that nocturnal HRV monitoring can be used as a simple non-invasive 

tool to evaluate, at an individual level, the impact of training and match load 

performed at different times of the day and in different locations, as well as 

during international tournaments. This information might be of interest to 

practitioner’s intent on monitoring the response to specific training 

prescriptions.  

• Recovery status measurements (i.e., sleep patterns and nocturnal HRV) can 

also be collected on rest days in case of injury or illness and can further be 

used to modify individual training and recovery plans before the first daily 

session.  

• During congested competitive periods, soccer players follow strict match and 

training schedules that can reduce sleep duration, impairing the recovery 

process, especially when training sessions and/or matches are performed 

close to bedtime sleep. This fact is relevant, since according to our studies, in 
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Portugal female soccer players habitually train at very late hours (9 p.m.), 

close to bedtime sleep, due to their daily life commitments (e.g., job, 

university) which need to be aligned with training schedules. Thus, it is 

suggested that athletes and coaches organize the training program not only 

according to match schedules, but also aiming to improve sleep routines for 

optimal recovery.  

• Together, actigraphic variables and HRV indices provide more complete 

information on sleep patterns and cardiac autonomic function that elucidates 

about athlete recovery state. Moreover, both indices can be used to improve 

the quality of monitoring training and match load, are easily assessed at the 

training and/or match facilities and at the athletes’ own homes, and can be 

implemented in a team’s daily routine, in a real-world scenario.  

• The substantial individual variability in sleep and HRV suggests the adoption 

of an individual approach to sleep (e.g., sleep hygiene), load monitoring, and 

recovery interventions in team sports. In fact, the competition scenario of 

successive matches often results in squad rotation between matches. 

However, some players will often be required to play in multiple matches. In 

these scenarios, individualised recovery and monitoring techniques may be 

required to ensure that all players are in peak condition for each match.  

• The s-RPE method has been proven to be a simple and effective way to 

quantify the internal training load. In fact, there is a high association between 

s-RPE and HR-based TRIMP, supporting the use of the former when HR 

devices are not available to the team.  

• Even in the absence of HR recordings, our results provide coaches with 

specific ranges of % HRpeak expected to be reached in each RPE category 

from 2–5 (in players with similar characteristics to ours), encompassing easy 

to hard training sessions for female soccer players.  

• Monitoring the amount of high-intensity work in the time spent above 90 % of 

HRpeak could be important for coaches and technical staff to better adjust 

training load (i.e., adapt and manipulate exercises) and adequately stimulate 

cardiorespiratory adaptations of all players.  
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• Together, perceptual and objective (HR) methods provide more complete 

information for quantifying internal training load of athletes and can be used 

to improve the quality of training load monitoring.  

 

9. Future research  

 

The findings of the current thesis have also highlighted several 

considerations for future research: 

 

• Sleep patterns and (nocturnal) HRV should be examined in combination 

rather than isolation, especially when training sessions and matches are close 

to bedtime. Even though sleep has been shown to be influenced by athlete 

training status, the association with resting (i.e., nocturnal) HR and HRV 

remains unclear in female soccer players. Moreover, it is suggested to 

investigate the association (e.g. correlations) between recovery status 

variables (i.e., sleep pattern and nocturnal HRV) with internal and external 

load, to better understand fatigue and recovery in (female) soccer players.  

• Most athletes that participated in the studies included in this thesis were 

collegiate athletes (Studies 1, 2, 3, and 5). Improving sleep in collegiate 

athletes has significant implications for health, athletic performance, and 

academic achievement. However, athletes frequently fail to obtain restorative 

sleep. Factors related to their academic pursuits, training, and competition 

can alter sleep patterns. Therefore, topics such as: 1) sleep patterns and 

disorders among collegiate athletes; 2) sleep and optimal functioning among 

athletes; 3) screening, tracking, and assessment of athletes’ sleep; and 4) 

interventions (i.e. sleep hygiene) to improve sleep, must be further 

investigated.  

• Future research with female athletes should examine the sleep patterns and 

(nocturnal) HRV in combination with other variables (e.g., menstrual cycle). 

This will strengthen the approach, by identifying sleep and HRV disturbing 

factors in overloading periods.  
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• Given the relationship between exercise duration and the corresponding load, 

analysis of sleep patterns and HRV responses relative to playing time should 

be performed in future studies.  

• All studies from this thesis were observational/descriptive. Therefore, it could 

be important that future research examined different sleep hygiene 

interventions (e.g., napping) in combination with performance variables in 

(elite) female soccer players, especially when training sessions and matches 

are close to bedtime sleep.  

• Integration of tactical and technical metrics with recovery status data appears 

important to identify changes in performance in soccer. As sport scientists, we 

may tend to focus on the physical and physiological aspects of sport, however, 

true soccer performance needs to be considered as a construct. A coach may 

be interested in the change in technical or tactical aspects which, in their view, 

may have a greater impact on match outcome than physical and physiological 

components. 

• Due to the initial purposes of study 5, the necessity to extend our findings in 

the range of RPE values > 5 in this and other populations of athletes is needed 

(since we only included training sessions with RPEs varying between 2 and 

5). In this sense, other training modes (e.g., high-intensity interval training, 

repeated sprints training, extensive technical drills, etc.) need to be included 

in the observations. Moreover, we selected a period in which training sessions 

were relatively homogeneous in terms of intensity and duration, so training 

contents eliciting greater cardiorespiratory and perceptual demands (e.g., 

different SSG formats [1 vs. 1]) should be included in future research.  
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