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ABSTRACT

The aim of the thesis was to obtain a better understanding into current measurements of Training
Load (TL) in endurance performance and whether these TL metrics estimate the training stress

imposed by endurance exercise.

In the first study of the thesis (Chapter 3), the concept of Acute Performance Decrement (APD)
was introduced. 14 recreational and competitive cyclists were asked to perform a 5 min TT as a
baseline, and after various cycling training sessions. The cycling training sessions consisted of a 5
min TT, a 20 min TT, a 20 min and a 40 min sub-maximal cycling session. The resulting APD was
calculated as the percentage change in 5 min TT from baseline and was compared with the TL metrics
from the corresponding training sessions. The results shown that an APD was found after all training
sessions (7p?=0.971; P<0.001). A similar APD was observed after the 5 and a 20 min sessions that
contradicted the TL metrics. These findings suggest that the basis for TL metrics may be flawed. The
TL metrics based on the concept of TWD did not agree with how APD responded after the various

cycling training sessions.

In the second study (Chapter 4), the concept of APD was investigated in running. The aim of the
study was to investigate whether TL responses were in an agreement with APD. 11 well-trained
runners were asked to perform a 1500m TT as a baseline, and after various running sessions.
Continuous (CON) and intermittent (INT) running bouts of different duration were examined. The
running sessions consisted of either maximal effort for 10 min (10CON, 10INT) or sub-maximal for
25 min (25CON, 25INT). The results showed that an APD was found after all training sessions. TL
metrics showed the opposite response compared to APD. APD was found to be similar when
compared after the training sessions, with differences found only after 10INT vs 25CON (P=0.02).
In contrast, TL metrics provided the opposite pattern with higher scores observed for CON vs INT

and lower scores for 10 min vs 25 min training sessions (P<0.001; 7,> =0.563).



In the third study (Chapter 5), APD and TL metrics were examined after running at two different
intensities and two durations. 12 trained runners were asked to perform a 1500m TT as a baseline and
after 4 training sessions. The training sessions consisted for two different intensities (RPE of 5 and
8) and durations (10 min and 40 min). APD was calculated as the percentage change in 1500m TT.
The results showed that the training sessions that lasted for 40 min resulted in greater TL metric
scores compared to those that lasted for 10 min (P<0.001; 7, >0.781). In contrast, APD was found

to be similar after the 10 min (RPE 8) and 40 min (RPE 5) training sessions (P > 0.99).

The findings from this thesis demonstrated that training stress as indicated by APD occurs in
response to a combination of exercise intensity and duration that is not reflected by most TL metrics.
Across all studies, the magnitude of APD was found to depend mainly on how intense the exercise
dose was, however, extended exercise durations were found to increase the training stress. In all
experimental studies, an agreement between TL metrics and APD was not found. These findings may
provide concern for the validity of the TL metrics but may pave the road for the development of new
TL metrics. It is suggested that new TL metrics are required that need to account for the effects of

intensity and duration and their interaction.

Vi
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Chapter 1: Introduction

When training is applied, the aim is to increase the physical capabilities and to develop a skill,
a technique, or performance. This process involves the application of training and recovery with the
aim to ultimately improve performance (Bourdon et al. 2017). That concept can be examined both
from an acute, and chronic point of view. One of the first attempts to conceptualize training overload
and recovery from an acute point of view derives from the work of Yakovlev (1955), which was
recently expanded by Issurin (2010). A single training session (i.e acute overload) will result in
training-induced fatigue and an acute decrease in the training capacity of an athlete (Issurin 2010).
The training stress will consequently trigger adaptations and this is known as the supercompensation
cycle (Figure 1.1). Consequently, a stimulus for adaptation occurs if recovery is applied. Endurance
athletes train a lot, and applying increasingly high levels of training more frequently is a normal and
important part of their training process (Smith 2003). However, there is no clear evidence on the
exact amount of training an endurance athlete needs to complete in order to reduce capacity in a
purposely way and to ensure performance improvements (Soligard et al. 2016). Although training
theories agree that a negative effect (i.e fatigue) will take place (Bompa and Haff 2009; Issurin 2010),
no experimental attempts have been made to systematically quantify the reduction in exercise
capacity resulted from different acute training sessions. Therefore, Figure 1.1 can only be considered
as a theoretical framework and lacks experimental evidence. Specifically, there is a lack of
experimental data to demonstrate how exercise capacity changes over time when single or multiple
bouts are imposed. If an athlete is not monitored closely, too high levels of overload may result in
short-term fatigue which can turn into long-term overtraining (Kuipers and Keizer 1988). Therefore,
monitoring this overload in the form of its training load (TL) in a valid, smart, efficient and reliable
manner is critical in order to understand how much training has been applied and when its effects

triggered.
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Figure 1-1 Figure presents the relationship between training applied, recovery and
improvements in performance(from Meeusen, 2013 and Soligard et al, 2016).

The effects of training are dictated by its exercise intensity, duration and frequency (Borresen
and Lambert 2009). To enhance performance, progressive increases of intensity, duration and
frequency are necessary. Monitoring training is about the careful evaluation of the parameters
mentioned above and their effects. This enables coaches, athletes and scientists to track how much
training stress an athlete is experiencing and possibly how much benefit they are obtaining. Based on
a recent consensus statement (Bourdon et al. 2017), TL monitoring (Bourdon et al. 2017) is important
for several reasons including the understanding of the training responses and their consequent
adaptations, the assessment of fatigue, the identification of recovery required after applied overload
and understanding or predicting injuries and illnesses. However, different combinations of intensity,
duration and frequency may result in similar training effects (Borresen and Lambert 2009). Likewise,
similar combinations of these parameters may result in dissimilar training effects because the training
response is also affected by other factors. For example, the recovery required following single or

multiple periods of training overload play a critical role on the training adaptations and in turn,



performance improvements (Bourdon et al. 2017). Despite the attempts to quantify the training

effects via TL monitoring, the relationship between training, its effects and performance is complex.

The use of metrics to evaluate athletes’ TL has increased exponentially in recent years but
despite this popularity, some concerns have been expressed about its validity, and exploring these
concerns forms part of the basis of this thesis. These concerns are various and wide ranging and
include the terminology used around the topic (Staunton et al. 2021), the practicality and applicability
of the fitness and fatigue model (Taha and Thomas 2003; Hellard et al. 2006) and the use of total
work done to compare different sessions (TWD) (Nicolo et al. 2016b; Passfield et al. 2017). Most TL
metrics use indices of training duration and intensity by multiplying them in order to estimate the
training stress imposed by exercise. By doing that, the effects of training are commonly represented
by a single number. This attempts to reduce the complexity of the process and it may result in
misleading information about training. The way TL metrics have conceptualized training monitoring
may require a new direction. Researchers have attempted to relate TL with performance outcomes in
longitudinal studies. However, a missing piece of information is whether the TL metrics currently
used can effectively inform the effects from a training session. As Jeffries et al. (2021) suggested, the
load imposed by exercise determines acute and chronic training effects that result in sport
performance outcomes. When the modulation of load and recovery is not optimal, positive training
effects leads to improvements in performance. Conversely, when load or recovery is not well
administered, negative training effects might occur and lead to negative changes in performance
outcomes. A conceptual issue in what researchers have attempted to investigate so far is the direct
link between TL and sport performance outcomes without assessing the link between TL and its acute
effects. Prior to longitudinal investigations, the concept of TL needs to be examined in an acute
training session context against a sensitive method that does not use indices of intensity and duration
to estimate the effects resulting from training. This thesis intents to examine this experimentally and

hopefully provide useful insights on TL monitoring.



Chapter 2: Literature Review

2.1 The History of TL

The concept of TL was originally introduced by Banister et al. (1975) although they did not use
this term. Their idea was that training could be quantified with training impulses (TRIMPS) which in
turn could be used to predict changes in athletic performance (Banister et al. 1975). According to this
model which will be further discussed in Chapter 2.3, changes in performance result from the
difference between a negative function of training (fatigue) and a positive function of training
(fitness) in the short term and by their accumulation in the longer term (Banister et al. 1975). Initially,
the term TL was used in a different contexts (e.g. Daniels et al. 1978) and was later linked to the
initial work from Bannister and colleagues (Foster et al. 1995). In their first paper, Banister and
colleagues modelled the performance of a swimmer resulting from a 105-days training program and
the fitness and fatigue it induced. To estimate fitness and fatigue, the authors calculated the
participant’s swim and weight training and translated these into TRIMPs. The swim distance was
recorded in hundreds of meters (i.e. 14,000 meters = 140 units) and then multiplied by an intensity
factor for the session to express the session in TRIMPS. The warm up and warm down activities were
assigned an intensity factor of 1; the long duration and hard intensities were assigned an intensity
factor of 2; the quality training and speed swimming were assigned an intensity factor of 3. The
weight training was quantified in units of 500 repetitions. The authors suggested that a unit of weight
training (500 repetitions) was equal to 1000 meters of swimming at an intensity 3. Importantly, the
findings from this study were only presented next to performance predictions without providing a
statistical evaluation. In subsequent studies, the same performance modelling approach was
implemented by the same research group (Calvert et al. 1976; Banister and Calvert 1980). Some years
later, another scientific paper was published and attempted to statistically evaluate the model and to

assess the validity and in particular, the predicted effects on performance (Morton et al. 1990). To do



that, two athletes underwent a 28-day training programme and completed performance trials twice a
week for 50 days after training cessation. The authors concluded that the model, as derived from
TRIMPs, effectively replicated the participants’ actual performances. Based on that work by Morton
et al. (1990), Foster et al. (2001) introduced the sRPE method. The sSRPE method like TRIMPs
multiplies exercise intensity (RPE) and duration in order to create a TL score. Subsequently, several
modifications of the way in which TRIMPs are calculated were proposed, with most of the emphasis
given to how the exercise intensity should be weighted (Edwards 1993; Lucia et al. 2003; Manzi et

al. 2009b). These TL metrics will be discussed in detail below in 2.4.

2.2 TL Terminology and External/Internal TL metrics

In line with the training principles, acute exercise results in training-induced fatigue. It is
important to provide some definitions in relation to this relationship. The term fatigue has been widely
used in the context of endurance performance (Enoka and Duchateau 2016). Based on a previously
proposed taxonomy, fatigue can be differentiated as performance fatiguability and perceived
fatiguability (Kluger et al. 2013; Enoka and Duchateau 2016). Performance fatiguability is defined
as a drop in a performance assessment over a period of time. On the other hand, perceived
fatiguability refers to variations in the sensations related to the decrease in performance. Nonetheless,
fatigue can take place with the absence of exercise (Fieo et al. 2013). Due to the complicated nature
of fatigue, Enoka and Duchateau (2016) suggested to avoid terms such as central fatigue, peripheral
fatigue muscle fatigue, physical fatigue and supraspinal fatigue. Instead, the authors suggested that
research should examine fatigue as a single element, with focus on the measurements, as well as the
effects of protocols on findings referring to fatigue. In this thesis, the negative effects of training (i.e
training-induced fatigue) on performance will be examined (Pageaux and Lepers 2016) and this will
be attempted via post-exercise performance assessments (see Chapter 2.8). Nevertheless, fatigue is

not the only negative effect resulted from training (Jeffries et al. 2021). Training can result in muscle



damage (Peake et al. 2017) and mood alterations (Morgan et al. 1987). Based on these suggestions
(Enoka and Duchateau 2016) and the applied nature of this thesis, assessments of different fatigue
mechanisms were avoided. It is also important to acknowledge that this method may not fully

describe all elements of fatigue as proposed by Kluger et al. (2013).

Other popular terms in exercise monitoring are “work” and “load”. The term “work” implies
that mechanical work occurred. The term “work”, or mechanical work done is calculated as the
outcome between force and the distance in which that force was applied (Winter and Fowler 2009).
Notably, evidence suggests that currently used TL metrics are related to the mechanical work done,
which was also found to be closely associated with oxygen consumption (VO.), and has been
suggested as the criterion for TL monitoring (Wallace et al. 2014b). However, some researchers have
suggested that the way exercise intensity and duration contribute to TWD is more important that the
TWD level per se (Renfree et al. 2021). This is an important issue that will be discussed critically
discussed further below (2.6.1). The term “load” and its use may have also contributed to the
confusion in regards to the TL topic (Staunton et al. 2021). For example, the term “load” in the
context of sports is a very broad concept and usually relates to the field of engineering and physics.
In the field of engineering, “load” is related to the force exerted on a surface or a body (Rodgers and
Cavanagh 1984). Similarly, the force applied on a mass which resist are also external forces that can
also be considered as load. In physics, “load” is a term to explain the part of a circuit which consumes
electrical power and is measured differently in the SI derived unit. These are two examples that show
how the term “load” is used differently in other fields of science and have potentially mislead sports
scientists and practitioners. The term load can be also found in non-scientific definitions. For
example, Staunton et al. (2021) highlighted how the Oxford English Dictionary defines “load” as
“something that is being carried by a person, or a vehicle for example”, or as “a burden placed on an

individual, structure, machine or system”. This may create confusion, because if for example it is



used as a burden upon a person or a system, it may be considered as the amount of work that a person

or a machine has to do (Staunton et al. 2021).

Another definition that has been frequently used in the context of exercise monitoring is the term
“workload”. This term has been traditionally used to describe severity (Knuttgen 1978). Workload
consists of terms “work” and “load”. The term “load” in the context of workload explains the
resistance that an individual experiences when performing the work. The use of the term “workload”
has received criticism due to the measurement units that have been used to describe it (Winter 2006).
Workload may indicate the load of work that was performed and therefore the accompanied unit
measurement should be joules. Alternatively, it may indicate the antagonistic force towards work,
and in that case the unit of measurement should be newtons (Winter 2006). It was suggested that
neither power output nor speed measurements should be used as a measurement unit for workload
(Winter 2006; Winter and Fowler 2009). As said earlier, this term is attempting to describe the
severity of the task. For that purpose, Winter (2006) suggested the use of the term intensity instead,
as a more universal method that can apply to multiple forms of exercise (Knuttgen 1978; Winter
2006). Nevertheless, the use of that term has been lately used in the context of sports. This term has
been proposed as a way to represent the cost for achieving a mission by a human operator (Hart
2012). In sports, it has been proposed to capture that negative effects imposed by mental and physical
exercise (Pageaux et al. 2014, 2015; Rozand et al. 2014; Martin et al. 2016; Cutsem et al. 2017).
Nonetheless, what the term “workload” exactly represents in the context of sports and how it should
be measured is currently not clear. Different authors (Winter 2006; Winter et al. 2016; Staunton et

al. 2021) proposed to avoid the use of that term in the context of sports.

The terms “work™ ,“load”, “workload” and their link with the concept of TL overall may cause
confusion. The main problem is what each term represents and how these constructs are connected
with TL monitoring. Some examples above used the term “’load’” for something that can be lifted or

carried (i.e. mass or weight), while other examples used the term for something that can be quantified



by means of force. The “’load’’ in terms of work done seems to better link with the how current TL
metrics utilize it in the context of exercise. The terminology used around the topic may also attribute
towards the confusion about what the construct of TL represents (Staunton et al. 2021). Some
research relates TL to the amount (volume) of exercise or training completed (Impellizzeri et al. 2005;
Scott et al. 2013a, b; Halson 2014; Bourdon et al. 2017). Others described TL as a product of volume
and intensity of exercise (Impellizzeri et al. 2004). Other authors defined TL as the amount of stress
placed on an athlete as a consequence of exercise over a period of time (Jaspers et al. 2017; Eckard
et al. 2018) and this is the definition that will be adopted by this thesis as defined by Bourdon et al.
(2017). Overall, it seems that there is lack of consistency in terms of how TL is described in the sports

science literature and that has led some scientists to suggest it is discarded (Staunton et al. 2021).

Despite the confusion in the terminology around TL, scientists have proposed the external and
internal domains for TL quantification (Borresen and Lambert 2009; Bourdon et al. 2017; Mujika
2017) (see figure 2.1). There is no doubt that training monitoring should include mechanical and
physiological/perceptual responses of an athlete when training. For example, it is important for a
runner to record the distances covered during training sessions. The term external training load is
used to define the mechanical work applied by an athlete when exercising (Bourdon et al. 2017). In
the review by Bourdon et al. (2017), measurements such as time, distance/milage, movement
repetitions, power output, speed and number or jumps were suggested. These measurements are
important for understanding if an athlete improves. For example, a runner is aiming to be able to
cover greater distances when training. Nevertheless, it is difficult to understand the effects that are
caused by a training session by looking at only the external load. This is because different individuals
may show different responses to the same external load (Smith 2003; Mann et al. 2014; Barroso et
al. 2015; McLaren et al. 2018; Casado et al. 2019; Paquette et al. 2020). These differences are the

core information when attempting to quantify training effects via TL monitoring. Collectively,



external TL may be useful to describe the amount of physical work or mechanical work an athlete

undergoes (i.e. the amount of training), but not the effects triggered.

Internal TL refers to the physiological and psychological stress as a response to the external TL
imposed to an athlete (Bourdon et al. 2017). Common measurements for monitoring internal training
load involve the rating of perceived exertion (RPE), Heart Rate (HR) and Blood Lactate (L&),
TRIMPs, questionnaires and measurements of oxygen uptake (Bourdon et al. 2017). Internal TL
shows the psychophysiological response to an external TL (i.e. its effects) (Impellizzeri et al. 2019)
and seems to play a key role for training adaptations (Viru and Viru 2000). Impellizzeri et al. (2019)
suggested the inclusion of both physiological (i.e. HR) and psychological (i.e. RPE) measurements
of internal TL. Irrespectively of the method used to describe the internal TL, monitoring training is
about understanding the effects of a session and how that will consequently affect performance. With
that in mind, the internal TL should not be confused with the external TL. If monitoring the training
effect is the goal, then the concept of TL should be linked with the training effects and performance.
In other words, the quantification of training via TL metrics should reflect how an athlete internally
responds (i.e effects) to a training session (i.e external TL). Nevertheless, whether TL metrics
represent the effects of training which in turn will result in changes in performance is unknown. This
relationship remains to be established experimentally and will be attempted in later Chapters of this

thesis.

2.3 Fitness, Fatigue and Dose-Response Relationship

Based on the model proposed by Bannister et al. (1975), training creates fatigue and fitness
responses (figure 2.1). Both responses are then modelled to calculate the cumulative effects of fatigue
and fitness on performance. The way athletes respond in terms of their fitness and fatigue decay

constants was suggested to be an individualized process (Morton et al. 1990). The fitness responses



represent the physiological adaptations to training which act to improve performance capacity. The
fatigue responses represent the deleterious effects of training that result in negative effects on
performance (Banister et al. 1975). In this context, the authors suggested that performance at any
given point can be explained as the positive training responses minus the negative training responses
(i.e. Performance = Fitness — Fatigue). Therefore, the TL imposed on an athlete can result in both
negative and positive effects and it is the balance of these will dictate the direction in which
performance changes. There are a fair amount of studies that have assessed how periods of applying
TL can affect changes in fitness and performance (Manzi et al. 2009b; Akubat et al. 2012; Wallace
et al. 2014a; Sanders et al. 2017a). In order to predict the training outcome in an accurate way, an
accurate monitoring of TL prescribed and its effects on fitness, fatigue and performance is required.
The dose-response relationship between the prescribed training (input) and the training outcome
(output) depends upon a reliable and valid method being used by the athlete, coach and scientist. The

assumptions underpinning this relationship will be discussed below.
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Figure 2-1 The figure above presents the process from the application of the training dose,
how this can be quantified in terms of external and internal TL and its effects on performance
via changes in fitness and fatigue (Adopted from Impellizzeri et al. 2005; 2019, Coultts, 2016)

Any TL that is implemented for training purposes should relate to the training outcome in a way
that reflects the changes in performance capacity. Therefore, a valid way to quantify TL is required
to accurately inform the dose-response relationship between a training stimulus and the performance
outcome. Thus, it is important to investigate whether a dose-response relationship in endurance
training exists. Typically, two different approaches have been used in the literature for validating the
dose-response relationship between TL and performance changes in endurance events. The first one
uses mathematical modeling in order to assess the modelled performance outcomes compared to the

measurements of real performances (Jobson et al. 2009). The second one assesses changes in
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performance or fitness after a period where TL was induced (Manzi et al. 2009a; Wallace et al.
2014a). Mathematical modelling was also proposed for predicting the performance following a given
TL, as well as conversely to propose a TL required for a given athletic performance (Busso and
Thomas 2006). Evidence suggests that the relationship between training and performance can be
modelled (Banister et al. 1975; Morton et al. 1990; Mujika, Ifigo et al. 1996; Avalos et al. 2003).
Systems modelling attempts describe the performance changes that occur in response to training, by
describing changes in performance (output) in relation to the amount of training (input). Several
research groups provided insights on how fitness and fatigue correspond to a given TL and
investigated the dose-response relationship between TL doses and changes in performance (Banister
and Calvert 1980; Busso et al. 1991; Mujika, Ifigo et al. 1996; Hellard et al. 2006; Wallace et al.
2014a). However, if useful insights on how the dose of training affects the performance response are

to be obtained, the validity of such approaches must be assured.

In Banister’s model, different parameters are used to predict performance. Pt is the performance
at time t. PO is the initial performance capacity. K, presents the fitness magnitude factor, while Ksis
the fitness magnitude factor. The fitness and fatigue decay constants are presented as t, and ty,
respectively. The known daily or weekly training load is presented as w;. The time required to restore
performance is presented as tg, while the time required to peak performance after the completion of

training is presented as tq. The equation is as follows:

t-1 t-1
P, = Py + kaz e~ (=) Ta wyg — k¢ z e~ (=9 71y
s=0 s=0

For example, K, and Kr were used to present the magnitude of the positive adaptations and
negative effects, respectively. If K: > K, performance will be influenced negatively over the next days
after the completion of a single training session (Busso 2003). A variation has been found for K, and
Kz (Hellard et al. 2006) and this seems to be unrelated to the overall TL. For example, K; and K, was

similar in studies were different types and amount of training were performed (Busso et al. 1997;
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Hellard et al. 2005). The model suggests it can estimate performance at any time. Time constants are
used to describe the decay of the negative and positive effects and have received criticism due to their
variability (Hellard et al. 2006). The time constants were also found to be depended on the nature of
the training stress imposed. For example, in running, Morton et al. (1990) found a similar negative
time constant to that of swimmers (Mujika, Ifigo et al. 1996) but the TL was less in the study of
swimmers. However, several authors have suggested that the positive and negative effects may be
difficult to interpret from a practical standpoint (Taha and Thomas 2003). For example, a positive
correlation was found between testosterone concentrations and the function of fatigue, which
contradicts the anticipated results (Busso et al. 1990). Furthermore this modelling approach requires
the repeated measuring of not only training doses but the resulting performances and this is

impractical for athletes and coaches (Morton et al. 1990; Busso and Thomas 2006).

Several limitations have been reported when it comes to the fitness and fatigue model (Chapter
2.6.3). These limitations may include the parameter interpretability, predictive accuracy, ill-
conditioning and the consistency of the predictions when variables change (Busso et al. 1997; Hellard
et al. 2006; Ludwig et al. 2019). Time-varying revision models were proposed (Busso et al. 1997;
Avalos et al. 2003; Busso 2003). These modifications were proposed in order to better describe the
acute negative effects from a single session, as well as to remove artifacts or abnormalities in the
modelled changes of performance over a long period of time. Nevertheless, the fit of parameters
varies greatly. Some models have shown high correlations between actual and modelled
performances after a period of training (Millet et al. 2002; Busso 2003), while others have shown
lower correlations between actual and modelled performances (Avalos et al. 2003; Hellard et al.
2005). Others suggested a high within-subject variability between actual and predicted performances
that is seen independently of the models used (Morton et al. 1990; Busso et al. 1991). It is possible
that the participants’ fitness levels across studies may influence the effectiveness of the performance

model. For instance, some studies (Busso et al. 1991; Millet et al. 2002; Busso 2003) showed

13



promising results when modelling performances for an untrained or sedentary population. In contrast,
other studies reported lower accuracy when endurance-based athletes with higher fitness levels were
participants (Mujika, Ifiigo et al. 1996; Hellard et al. 2005). Some studies reported a similar positive
and negative time decay constants (Mujika, Ifiigo et al. 1996; Morton 1997; Hellard et al. 2006) with
only high performance athletes. However, studies with both high performance athletes and less
trained athletes reported the same parameters and determination coefficients (Morton et al. 1990;
Busso et al. 1991; Mujika, Ifigo et al. 1996; Hellard et al. 2006). In summary, a high variability has
been “found in the parameters used for the fitness and fatigue model may and that may affect how

changes in endurance performance are computed.

An important detail in relation to the fatigue resulted from training and how the fatigue effects
have been used within the mathematical model may be further discussed. For instance, the effects of
fatigue have been proposed differently for some models compared to others. Taha and Thomas (2003)
guestioned the role of fatigue or negative component and whether it should be implemented in the
model. Busso et al. (1991) found that fatigue improved the model fit in only 1 out of 8 participants.
The authors attributed their results to the low TL prescribed. In a study where a higher TL was applied
in triathletes (Millet et al. 2002), the fatigue component was found to assist to the training and
performance relationship in running. Nevertheless, for the swimming training and performance fit
the model did not seem to benefit from including the fatigue component (Millet et al. 2002). Taha
and Thomas (2003) suggested that the exclusion of the fatigue component may be problematic. Their
findings suggested that fatigue should be included. Overall, the negative effects of a training session
and how this contributes to modelling the performance changes may require further investigation. In
contrast to the fitness decay in performance, the fatigue decay takes place immediately after the
completion of a training session (Hellard et al. 2006). However, the nature of fatigue has been
described as complicated (Enoka and Duchateau 2016). This may suggest the need for a method that

will provide information on the acute negative effects resulted from a training session (i.e training-
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induced fatigue), before modelling its chronic or cumulative effects on performance. This may be
important for how TL is computed. Given that the fitness and fatigue model is sensitive to the model
inputs, and evidence has suggested the need for a robust method of monitoring the effects of these
for different training sessions (Viru and Viru 2000). However, there is a surprising lack of evidence
on the acute negative effects on performance that result from a session, especially given that fatigue

tends to be most marked as a training session terminates (Hellard et al. 2006).

In the context of TL, the acute negative effects imposed by exercise can be examined through
the use of psychometric questionnaires (Borresen and Lambert 2009; Saw et al. 2016; Jeffries et al.
2020) or neuromuscular assessments such as countermovement jump (Tillin and Bishop 2009).
Although the latter approach is promising, no research has examined whether the acute negative
effects of training can be found by changes in such tests. A possible explanation for the lack of those
findings is due to the fact that many factors contribute to jumping ability (muscle fiber type, tendons
elasticity), and also the nature of the countermovement jump which is not common for running and
cycling athletes. The use of questionnaires can assess how exercise affects different processes related
to fatigue, such as the stress levels perceived from the athletes, the muscle soreness, mood
impairments occurring with training, sleep loss and cognitive impairments related to training (Halson
2014). Those factors are often used to examine the relationship between fatigue, wellness and
recovery in sport environments (Halson 2014). Examples of these are the Profile of Mood states
(POMS) (Morgan et al. 1987), the Daily analysis of like demands for Athletes (DALDA) (Rushall
1990) the Total Recovery scale (TRQ) (Kenttd and Hassmén 1998), the Recovery-Stress
Questionnaire for athletes (REST-Q-SPORT) (Kellmann and Kallus 2001) and lately the Rating-of-
Fatigue (ROF) scale (Micklewright et al. 2017). In these scales, there is a dimension that assesses
fatigue directly or indirectly and therefore they have been proposed for TL quantification purposes
(Saw et al. 2016; Coyne et al. 2018). Jeffries et al. (2020) argued that some scales (POMS, REST Q)

may require a lot of time to be completed and that this may be at the expense of athlete frustration,
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fatigue and boredom. The potential use of these scales may not fully reflect the complicated nature
of fatigue as a phenomenon (Enoka and Duchateau 2016). Fatigue has been characterized as universal
(Mehta and Parasuraman 2014) multifactorial and a complex phenomenon and therefore holistic
approaches have been recommended (Marino et al. 2011). Therefore it may seem unlikely that these
scales could describe the negative effects resulted from training. Given how much effort has been
spent on modelling the effects of fatigue on performance (Busso et al. 1991; Millet et al. 2002; Busso
2003) it is suprising that no research has directly attempted to measure how fatigue impairs

performance capacity, before modelling its effects.

Other subjective measurements of workload have been proposed as a more universal option to
capture the negative factors that affect performance (i.e fatigue, stress, illness) (Hart 2012). A classic
example here is The National Aeronautics and Space Administration Task Load Index (NASA-TLX)
(Hart and Staveland 1988). Despite the criticism on the use of the term “workload” in the sport
context (Winter 2006), the NASA-TLX scale has been lately used in endurance performance
(Pageaux et al. 2014, 2015; Rozand et al. 2014; Martin et al. 2016; Cutsem et al. 2017). NASA-TLX
scale was proposed to assess the subjective workload imposed by a mentally fatiguing task and/or
after exercise. For example, NASA-TLX was used after a cognitive task and after running exercise
(Pageaux et al. 2014) or cycling exercise (Pageaux et al. 2015; Cutsem et al. 2017). In other cases,
NASA-TLX was used only after the completion of cognitive tasks (Rozand et al. 2014; Martin et al.
2016). These are some examples where the NASA-TLX scale was used to assess both physical and/or
mental demands. This subjective method is not popular in sports and this may be due to the equivocal
use of the term “workload” within the sports literature (Winter 2006), as well as the universal use of
the scale due to the multiple subcategories included (Hart and Staveland 1988). Nevertheless, NASA-
TLX has not been used systematically to examine the stress imposed by various doses of endurance

training.
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The NASA-TLX scale consists of six different subcategories and assumes that the amalgamation
between these present the workload imposed by various tasks (Hart and Staveland 1988). These
subcategories are independent variables, yet users often suggest that they often correlate with each
other (Hart 2012). The six subscales include assessments of mental demands, physical demands,
temporal demands, frustration, effort and performance. The mental demands (how mentally
demanding was the task?) assesses the mental and perceptual demands required to complete a task.
The physical demands (how physically demanding was the task?) assesses the physical activity
necessary to complete the task. The temporal demands (how harried or rushed was the pace of the
task?) assesses the time pressure applied to the performer and whether the pace of the task was
perceived as slow or fast. The performance subscale (how successful were you in accomplishing what
you were asked to do?) requires from the performer to assess how successful they felt they were in
achieving the task set by the experimenter. The effort subscale (how hard did you work to accomplish
your level of performance?) assesses the mental and physical resources required to perform a task.
Lastly, the frustration subcategory (how unsecured, discouraged, irritated, stressed and annoyed were
you?) assesses the negative feelings/emotions perceived by the performer during the task. After the
completion of a task, the performer is required to provide a score for each of the different subscales.
The overall workload is then presented as the summated score from all six subscales (Hart and

Staveland 1988).

The second method for assessing the dose-response relationship between TL and performance
changes uses changes in the training outcome (i.e. fitness or performance) during a given training
period (Manzi et al. 2009a; Wallace et al. 2014a). These methods assess whether a training
intervention resulted in improvements in endurance performance through changes in aerobic fitness
or physiological markers related to endurance performance (Beaver et al. 1986; Jones and Carter
2000). After a period of training, scientists often use these tests to assess whether the application of

training resulted in positive outcomes (i.e. fitness improvements). In the context of TL, Manzi et al.
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(2009b) showed that individualized iTRIMP was significantly related to running performances over
5000m (r = -0.77) and 10000m (r = -0.82) distances. Similarly, Wallace et al. (2014a) found large
correlations between different methods for quantifying TL (SRPE, TRIMPS, rTSS) and actual or
modelled running performance. Similar results were shown in team-sports, where an individualized
method of TL (i.e. iTRIMP) showed stronger dose-response relationships with changes in
physiological thresholds associated with aerobic fitness (2 and 4 mmol-1) (Manzi et al. 2013). In
professional cycling, Sanders et al (2016) highlighted TL metrics that use individual physiological
characteristics (i.e. HR — blood lactate relationship, functional threshold power) iTRIMP (r = 0.81)
and the training stress score (TSS) (r = 0.75) (Sanders et al. 2017a). In summary, these studies and
others support the existence of a dose-response relationship between TL and changes in fitness
(Manzi et al. 2009b; Akubat et al. 2012; Manzi et al. 2013; Malone et al. 2016; Sanders et al. 2017a).
The limitations of this method will be critically discussed in 2.6.1, as it is likely that these methods

reflect the performance adaptations, rather the training stress imposed by the training session.

Collectively, the evidence above may suggest the need for a new metric that will directly
estimate the negative effects resulting from training (i.e training-induced fatigue). The stress imposed
by exercise may be reflected by the negative effect on performance and that decrease in performance
may be used as an index of fatigue (see Chapter 2.8). Post exercise performance assessments have
been found to be sensitive to a variety of environmental, biological and psychological stressors, such
as hot environments (Gonzalez-Alonso et al. 1999), hypoxia (Koglyn L 2013), muscle glycogen
depletion (Heigenhauser et al. 1983), muscle fatigue (Marcora et al. 2008) and mental fatigue
(Marcora et al. 2009). The concept of assessing performance after exercise has been used by others
for TT (Passfield and Doust 2000; Rodriguez-Marroyo et al. 2017; Clark et al. 2018) and TTE tests
(Fullerton et al. 2021) but these studies did not also examine the associated TL. Passfield and Doust
(2000) showed that a 5 min TT is reduced following a 60 min bout of moderate intensity exercise,

compared with a control no-exercise condition. Recently, Fullerton et al (2021) demonstrated that a
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TTE performance assessment dropped 10W after a 30 min session. Therefore, there is evidence
suggesting that prior exercise compromises performance capacity. Importantly, the extent of that
decrement in performance appears to depend on the exercise intensity and duration (Fullerton et al.
2021). Therefore there is a need to be able to assess systematically the negative effects on

performance that result from training.

2.4 Training load metrics

2.4.1 Banister’s TRIMP (bTRIMP)

The training impulse (TRIMP) (Banister et al. 1975) was developed from Banister and colleagues.
However, the predominant formula as a measure of TL based on weighted HR was introduced a
couple of years later (Morton et al. 1990). The study from Morton et al. (1990) was the first study
where HR data were first used for the TRIMPSs’ calculation, and a non-linear weighting of exercise
intensity was introduced. This weighting scheme was introduced in order to correct bias caused by

the low intensity and long duration training sessions (Banister et al. 1975).

The classic bTRIMP formula uses training duration, HR data and a weighting factor, using the

formula below:
bTRIMP = excercise duration (minutes) X AHR X y

Where the multiplying factor (y) is based on the classically described relationship between increases
in blood lactate and HR during incremental exercise (Green et al. 1983). This relationship found to
be affected by sex and therefore it varies for males and females and is presented via the following

equations :

y = 0.64e9%* (males)
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y = 0.86e7* (females)

AHR is originated from the following equation :

AHR = (HR¢y — HRrest)/(HRmax — HRyegt)

bTRIMP has been used in a variety of endurance sports including cycling, running, swimming
and triathlon (Morton et al. 1990; Banister et al. 1999; Millet et al. 2002; Padilla et al. 2008; Wallace
et al. 2009, 2014b). bTRIMP has been also used in team-sports (Impellizzeri et al. 2004; Borresen
and Lambert 2008; Alexiou and Coutts 2008; Akubat et al. 2012). Studies in cycling (Padilla et al.
2000, 2001, 2008) highlighted the complexity of combining intensity and duration in order to quantify
TL. For example, Padilla et al. (2000) attempted to quantify different competition time-trials (TT) in
18 professional cyclists. The time-trials consisted of prolonged TTs (race-opening TT), short and
long TTs, uphill TTs and team TTs. The results revealed that the team TTs (146 £ 6 AU) resulted in
the highest TL scores compared to long TTs (122 + 27), short TTs (77 + 23 AU) and prolonged TTs
(21 £ 3AU). Although exercise intensity (mean HR) was higher in the short TT, the study highlighted
that the higher scores observed in the team TT were due to the longer exercise durations implemented.
This is one of the first studies that highlighted the issues with exercise duration within the TL
formulae. Padilla et al. (2001) examined the effects of exercise durations on bTRIMP values and
suggested that higher TL scores resulted from high-mountain stages (156 + 38 AU) compared to
semi-mountainous (172 = 31 AU) and flat terrain (156 = 31 AU). In contrast with findings from the
same research group (Padilla et al. 2000) the high-mountain stages showed the highest exercise
intensity. Padilla et al. (2008) recruited 16 professional cyclists during a 3-week Grand Tour. The
rides were categorized as off category, first and second category, based on the distance and slope

grade of the rides. Off category climbs resulted higher scores (115 + 30 AU), compared to the first
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(72 £ 29 AU) and second (41 + 20 AU) category. The authors suggested that the sequence that those
rides take place can also affect the way bTRIMP quantifies TL. Conclusively, the studies suggest that
the complex relationship between training intensity and duration in cycling and the use of HRmean
might not represent the actual physiological demands of such high training stress, and consequently

misinform the resulted TL scores.

In running, a good correlation was found between bTRIMP (r = 0.65 £ 0.13) with modelled and
actual (1500m) performances (Wallace et al. 2014a). Despite, authors suggested the use of sub-
maximal HR and HRV alongside HRmean in order to appropriately quantify the effects of training-
induced fitness and fatigue. Manzi et al(Manzi et al. 2009b) examined the effects of an 8-weeks
running training program and compared TRIMPS (bTRIMP, iTRIMP) and actual performances
(5000m and 10000m). No relationship was found between bTRIMP and percentage of speed
improvements at 2 mmol™ (r = 0.61) and 4mmol™* (r = 0.59). In addition, no relationship was found
between bTRIMP and performances on the track for 5000m (r = -0.41) and 10000m (r = -0.54). The
authors explained the lack of sensitivity (relationship with fitness variations) and validity (association
with performance) due to the gender-dependent coefficient that bTRIMP used was based, compared

to individualized methods.(Manzi et al. 2009b)

2.4.2 Edwards TRIMP (eTRIMP)

Edwards (1993) proposed a different model for quantifying TL, based on HR via the use of a
different weighting scheme. Instead of using a coefficient based on the kinetics of one physiological
parameter, the time spent in five pre-determined HR zones was multiplied by arbitrary coefficients
specific to that zone. HR zones derive as percentages of HRmax (zone 1: 50-60% HRmax, zone 2: 60-
70% HRmax, zone 3: 70-80% HRmax, zone 4: 80-90% HRmax and zone 5: 90-100% HRmax). A TL score
was then provided by summating the total time spent in each of the five zones, and then multiplied

with a weighting factor for each zone (weighting factor 1-5). Studies investigated whether eTRIMP
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is a valid TL metric and comparisons between other metrics have been proposed in endurance and
team-sport athletes (Foster et al. 2001; Impellizzeri et al. 2004; Alexiou and Coutts 2008; Wallace et
al. 2009; Manzi et al. 2010). Alexiou and Coutts (2008) demonstrated strong relationship between
eTRIMP and sRPE (r = 0.85) in female football players. To the best of the authors knowledge, only
two studies have assessed the dose-response relationship of TL quantified by eTRIMP and changes
in cycling performance, providing contradictive results. For example, Sanders et al (2016) showed a
strong relationship between eTRIMP and endurance performance parameters (power at 2 and 4
mmol/L) and moderate relationship with performance (r= 0.48) for competitive road cyclists during
a 10-week training period. On the other hand, Vermaire et al (2019) showed no relationship between

eTRIMP and performance for recreational cyclists over a 12-week training period.

2.4.3 Lucia’s TRIMP (LuTRIMP)

Another method based on HR was suggested in order to improve the weighting for exercise
intensity (Lucia et al. 2003). In this method, the HR zones are based on ventilatory thresholds. Three
zones are identified through a laboratory testing exercise. Zone 1 reflects the HR points below the
ventilatory threshold (VT). Zone 2 includes HR points between VT and the respiratory compensation
point (RCP), while zone 3 represents the HR points above RCP. The time spent in each zone is then
multiplied with a coefficient for each zone providing a total LUTRIMP score. Coefficients of 1,2 and
3 are used for zones 1, 2 and 3, respectively. That TL metric received attention mainly from the scope
of how endurance athletes distribute their training, mainly in triathletes and runners (Esteve-Lanao
et al. 2005; Mufioz et al. 2014b, a). LUTRIMP has also been used in studies for cycling performance
(Lucia et al. 2003; Rodriguez-Marroyo et al. 2009). In the study by Lucia et al. (2003) the authors
compared the different TL scores from the Tour de France versus Vuelta a Espana. Higher TL scores
were observed for the Tour de France (7112 + 289 AU) compared to Vuelta a Espana (6700 + 305

AU), possibly due to the higher exercise duration for Tour de France. The effects of duration on
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LUTRIMP calculations were showed also in the study from Rodriguez-Marroyo et al. (2009) in a
study were cycling races of different durations were compared. Total LUTRIMP scores were higher
for the 21-day stage races (7743 £ 166 AU), compared to 5 and 8-day stage races (2005 + 52 and
3134 + 123 AU), respectively. The authors claimed that the fitness levels of the athletes, alongside
race strategies played a role on the results observed. The effects of the race strategy on TL
quantification were also highlighted by others, suggesting that both training duration and intensity

can affect the build-up of fatigue (Earnest et al. 2004).

2.4.4 iTRIMP

Although the validity of the original TRIMP model (Banister et al. 1975) has not yet been
examined in the literature, Manzi et al.(2009) proposed another modified version (Manzi et al.
2009b). This modified TRIMP version focused on the individualization of the blood lactate-HR
response. Morton et al. (1990) suggested an exponential weighting factor (y) based on the exponential
rise of blood lactate. However, the fixed values used for males and females derived from mass testing
in males and females and they do not reflect the individual responses to exercise (Manzi et al. 2009b).
As such, iTRIMP introduced an individualized weighting factor (y;), in order to weight the exercise
intensity based on an individual’s blood-lactate response to incremental exercise. Therefore, every
HR data point is weighted accordingly. The weighting factors are calculated individually, based on
the individual blood lactate-HR response to an incremental test. HR points which are multiplied by
the weighting factor corresponding to each point were then summated and present a total iTRIMP
score. iTRIMP has been used in runners (Manzi et al. 2009b, a) cycling (Sanders et al. 2017a, b;
Vermeire et al. 2021) football (Akubat et al. 2012; Manzi et al. 2013), kayaking (Borges et al. 2014)

and hurling (Malone et al. 2016).

Manzi et al (2009) first used iTRIMP in order to identify the dose-response relationship between

TL and performance changes during an 8-week training period. The authors showed a very strong
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correlations between speeds at 2 and 4 mmol/L and weekly iTRIMP scores. They also showed a large
negative correlation between iTRIMP and running-based performance assessments (r= -0.77 for
5000m, r=-0.82 for 10000m). Even though a strong statistical correlation was found, the authors
identified some limitations due to the small number of participants (n=8). In another study from the
same research group (Manzi et al. 2009a), the dose-response relationship between the autonomic
nervous system (ANS) responses and iTRIMP was assessed. Strong correlations between ANS
parameters (HR, systolic arterial pressure variability, baroreflex sensitivity) and iTRIMP (r? ranged
from 0.90 to 0.99; P < 9.001) were found. ANS parameters and marathon performances showed a
very strong correlation too (r? = from 0.65 to 0.82) when TL peak. Nevertheless, the small sample
size (n=8), as well as the number of athletes that successfully finished the marathon (n=6) was

suggested as a limitation of this study.

In cycling, Sanders et al. (2016) assessed the dose-response relationship between various TL
metrics and aerobic fitness and performance in competitive road cyclists. The results revealed very
large correlations between all TL metrics (bTRIMP, eTRIMP, LUTRIMP, iTRIMP, sRPE, TSS) and
submaximal fitness variables (power at 2 and 4 mmol/L). The strongest relationship was found
between iTRIMP and changes in aerobic fitness variables (r = 0.81 for changes in power at 2mmol/L,
r = 0.77 and at 4mmol/L). Moreover, the strongest dose-response relationship with changes in
performance (8-min time trial) was also observed with iTRIMP (r = 0.63). Therefore, the authors
concluded on the need for individualized physiological characteristics in order to better quantify the

relationship between TL and changes in performance.

2.4.5 Session RPE (SRPE)

The session rating of perceived exertion (SRPE) was introduced by Foster et al. (2001). This
model uses the CR-10 RPE scale (Borg 1982) as a subjective measure of training intensity.

Alongside, the model also considers the exercise duration in minutes. To acquire a single number as
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a TL score, the CR-10 RPE value for a given session is multiplied with the duration of exercise. SRPE
is an inexpensive method for quantifying TL and has been used in a variety of sports, including
endurance sports (Foster et al. 2001; Herman et al. 2006; Seiler and Kjerland 2006; Barroso et al.
2015; Pinot and Grappe 2015; Fusco et al. 2020) and team-sports athletes (Foster et al. 2001,

Impellizzeri et al. 2004; Brink et al. 2010; Lovell et al. 2013; Bradley et al. 2015).

Due to the simplicity of that method, research often used sRPE as a method to validate how other
TL metrics responded in different forms of exercise. For instance, Borresen and Lamberts (2008)
recruited trained males and compared sRPE with other TRIMP methods, highlighting good individual
correlations with eTRIMP (r = 0.84) and eTRIMP (r = 0.76). Manzi et al. (2015) also showed a strong
correlations between sRPE and iTRIMP in seven recreational long-distance runners (Manzi et al.
2015). Rodriguez-Marroyo et al. (2012) found similar responses between sRPE and LUTRIMP in
professional cyclists (Rodriguez-Marroyo et al. 2012). An interesting observation from this study is
that, when TRIMPs were normalized (i.e. TL scores divided by distance), a higher correlation was
found between RPE and HR-based methods. Despite the findings mentioned above, the validity of
the initial model for calculating TL has never been tested or examined and therefore comparisons
between TL metrics in that way can misinterpret the relationship between doses of exercises and
training adaptations. Only few studies examined the dose-response relation between sRPE and
changes in cycling performance, but not in running. Sanders et al. (2016) showed moderate
relationships between sRPE and changes in VO2max and Wmax (r=0.30 — 0.44), however they found
strong relationships between sRPE and changes in power output at 2 mmol/L (r= 0.54) and 4 mmol/L
(r=0.60), or performance changes (r= 0.51). A six-year monitoring case study assessed the dose-
response relationship sRPE and changes in cycling performance (Pinot and Grappe, 2015). The
authors showed increments in TL by 83%, attributing this increase to the exercise duration increments

(526hours to 943hours) rather than the changes in RPE(Pinot and Grappe 2015).
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The time-administration of the CR-10 RPE scale for calculating SRPE has been often challenged
in the scientific literature. Foster et al (2001) suggested that athletes should provide how
hard/strenuous was the session 30 minutes after the training is terminated. In that regard, authors
suggested that the athletes are able to avoid giving higher scores simply because the last part of a
training session was intense. Lately though, others suggested the collection of CR-10 RPE responses
as long as the session is terminated and considered valid (Christen et al. 2016). Another key questions
regarding SRPE is whether it better corresponds to changes in exercise intensity or duration. Green
and colleagues (2009) conducted an experiment to examine the effects of exercise intensity and
duration distribution on RPE, and consequently sRPE (Green et al. 2009). Authors compared RPE
responses in treadmill trials at a fixed workload over different durations (20,30 and 40 minute). The
results showed no differences for HR and blood lactate between trials, in an attempt to isolate the
effects of exercise duration on RPE. They concluded that exercise intensity plays a more important
role in sRPE calculation. On the other hand, Fusco et al (2020) showed that despite swimmers
maintained the same external (lap time) and perceived intensity (HR, La’) in 4 x 10 x 100 yards, SRPE
showed increments.(Fusco et al. 2020) The findings from this study, alongside others (Barroso et al.

2015) highlighted that SRPE may provide information beyond exercise intensity.

2.4.6 Training stress score (TSS) and rTSS

The last few years, cycling power meters were proposed a valuable tool for monitoring training
and competition . This method however, were derived from training handbooks and not from
scientific investigations. Studies suggested that power meters can provide accurate monitoring for
coaches, sports scientists and athletes (Paton and Hopkins 2001; Gardner et al. 2004). Power output
through power meters can be considered as a direct method for external exercise intensity (Jobson et
al. 2009) and can be analyzed in an easy, user friendly, accessible way, with the example of online

platforms such as the TrainingPeaks WKO+.
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The TSS is a TL metric originally proposed by Allen and Coggan (2003). This TL metric uses
the relative intensity alongside the training duration. Relative intensity is calculated based on an
individualized power output, the functional threshold power (FTP). Consequently, training
quantification via TSS take into account external TL (i.e. power output), as well individualized
approaches (i.e. FTP). FTP is the highest average output that a cyclist can maintain over 60 minutes
and represents the power output corresponding at lactate threshold, defined as 1 mmol/L increase
above resting levels. That estimate derives from previous work, where mean power output during 60-
90 minutes of cycling showed a good correlation with lactate thresholds (Coyle et al. 1988; Bishop
et al. 1998; Bentley et al. 2001). From a practical standpoint, shorter duration trials (i.e. 20 minutes
TT) have also been suggested to provide robust and accurate FTP measurements.(Maclnnis et al.

2018).

The equation suggested from Coggan (2003) derives from the original model from Banister (1975)
bTRIMP = excercise duration (minutes) X AHR X y

was presented in the following formula:

TSS = exercise duration (minutes) X mean power output X power dependent intesity

X weighting factor (IF)

In Banister’s model, the weighting factor for exercise intensity was based on the classically
described increase of blood lactate for trained males and females during incremental
exercise.(Banister et al. 1975) In Coggan’s (2003) model, IF was presented as the power output as a
percentage of the corresponding blood lactate concentration (1 mmol/L above resting values) from a

large number of trained cyclists.(Allen and Coggan 2006)
Blood lactacte (% of lactate at LT) = power(% of power at LT)3°

Showing a strong correlation with an R?=0.806, n = 76
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Mean power output might not represent the physiological demands of training, unless power
output remains constant (Jobson et al. 2009), Coggan (2003) suggested smoothing the data via using
30 seconds rolling mean values. That suggestion was based on the fact that physiological responses
in relation to exercise intensity changes are not rapid and proposed rolling mean values instead. The
30 seconds rolling means are then raised to the fourth power in order to re-calculate a mean.
Eventually, a fourth root of that re-calculated mean is taken and presents the normalized power (NP).
Depending how intense and continuous the effort was for a training session, mean power output and
normalized power can vary considerably. In order to provide accurate comparisons between
individuals, the IF was expressed as a ratio of NP and the TSS was normalized to the amount of work
that could be performed during 1 hour of cycling at FTP (100 points). As such, TSS was calculated

using the following formula:

TSS = {(t x NP x IF)/(FTP x 3600)} x 100

In running, the concept of TSS was modified and presented as running training stress score
(rTSS) (McGregor et al. 2009). Similarly to Cogan (2003), rTSS is used as an intensity factor (IF),
the functional threshold pace and exercise duration similarly to Cogan (2003). rTSS uses the gravity
order velocity stress score (GOVSS)(Skiba 2006) algorithm. Similarly, rolling means from running
speeds are raised to the fourth power for re-calculating the mean and the fourth root was obtained to
determine an NP for the entire training session. FTP is calculated based on individualized speed and

is defined as the highest average pace that a runner can maintain over 60 minutes.

Only few studies have assessed the dose-response relationship between TSS (or rTSS) and
changes in cycling or running performance. In competitive cyclists, Sanders et al. (2016)
demonstrated strong relationships between TSS and changes in power output for 2 (r =0.75) and 4
mmol/L (r = 0.79). The relationship between TSS and performance (8mTT cycling test) showed a
moderate relationship (r = 0.79)., however when performance improvement were expressed as

relative power output (W-kg?), a strong relationship was found (r = 0.61) (Mujika 2017). In running,
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Wallace et al (2014) compared different TL metrics and correlated their responses with actual and
modelled performances (1500m). All TL metrics showed large correlations between actual and
modelled performance, and notably, rTSS was found to correlate better with performance compared
to bTRIMP or sRPE. The authors suggested that the results observed in this study were due to the
fact that rTSS takes into account the individual performance characteristics compared to other TL
metrics used in that study. Again, TSS and rTSS may seem a better choice compared to generalized
methods, however the non-scientific background of these methods and the fact that they also derive
from TRIMPs may suggest it is used with caution. As stated earlier a limitation for all TL metrics
that have been developed based on Banister’s work, a key step in the scientific process (validity) has
never been tested or examined thoroughly. The capacity of TSS to inform dose-response relationship
between TL and performance should be examined in detail and will be thoroughly discussed in

Chapter 2.6.3

2.4.7 Conclusion

Many different TL metrics have been proposed in the context of TL. All TL metrics attempt to
use and weight the effects of exercise intensity differently. Despite the dose-response relationship
between TL and performance (Chapter 2.2.3), there is a debate on the best TL metric to use. So far,
TL metrics have found to agree (Wallace et al. 2014a; van Erp et al. 2019a), disagree (Manzi et al.
2015; Sanders et al. 2017b) or agree for some intensities and disagree for some others (Borresen and
Lambert 2008; Alexiou and Coutts 2008). Currently, different TL metrics were suggested to inform
the dose-response relationship between TL and performance (see Chapter 2.6.4). In summary, no
agreement has been found between TL metrics and this may be problematic when training monitoring

is of concern.
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2.5 The Concept of TWD

The concept of TWD has been used often for both research and applied sport purposes. In the
context of science, TWD is related to the prescription of the training dose. The prescription of
exercise in endurance performance involves combinations between exercise intensity and duration
(Stewart et al. 2016) or equivalent EE (Gibala et al. 2012). In the study from Stewart et al. (2016),
two different exercise intensities were used and defined as heavy-intensity and moderate-intensity.
Exercise duration was longer (120 min) for the moderate-intensity cycling trial compared to the
heavy-intensity cycling trial (90 min). This is an example where the authors attempted to match two
endurance cycling trials for the same total mechanical work. The concept of TWD is also used for
prescription of continuous or intermittent endurance training sessions (Gibala et al. 2012; Maclnnis
and Gibala 2017; Maclnnis et al. 2017). In the methodology of these studies, exercise intensity and
duration was also used to form INT and CON training. Gibala et al. (2012) concluded that when INT
and CON exercise is compared on the basis of TWD, INT resulted in similar or superior adaptations
in a range of physiological and performance markers. Other researchers criticized the concept of
TWD (Chapter 2.6.1) and proposed other methods for prescribing INT and CON training sessions
(Seiler et al. 2013; Nicolo et al. 2014). Despite the concerns of the effectiveness of TWD for

prescription purposes, this concept still remains a popular method for sports science.

TWD is also used in an applied sport context. The measurement of TWD has been important
for coaches and athletes for three reasons. Firstly, the TWD is often related to the training specificity
principle. An example here can be training an 800m runner has to undergo. The athlete needs to know
“’how much’’ training needs to be done and most of the cases it is expressed as the milage that needs
to be covered. In that context, TWD may be an important tool. Another example is when a cyclist is
looking for training in order to sustain a given work rate (i.e. average PO) for the longest possible
time. Secondly, TWD has received attention on the field as a proxy of the rate of energy expenditure.

Thirdly, traditional TL measures are computed based on the principle of calculating TWD. That is
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due to the multiplication between intensity and duration. That concept was not popular in cycling but
mostly in running. Nevertheless, it became popular in cycling through the use of power meters
technology. Wallace et al. (2014b) conducted a study and reported that TWD is the most valid
measure of TL. Other research groups have also mentioned its significance. Similarly, van Erp et al.
(2019) demonstrated a robust correlation between TWD and common internal TL metrics (TRIMPs,
SRPE) when training and racing of elite cyclists was analyzed. The TWD concept underpins the TL
metrics, however concerns about the TWD concept still exist and will be further explored in Chapter

2.6.1.

2.6 Limitations of the TL Concept

2.6.1 The validity of TL metrics

The TRIMPs method (Banister et al. 1975) was originally introduced in order to predict changes
in performance, but was never been validated against a criterion of training stress. In later years,
unvalidated TL metrics have often been compared against other unvalidated methods in order to
ensure scientific validity. An example is sSRPE which was validated against Edward’s HR-based
TRIMP (Foster et al. 2001). Foster et al. (2001) used eight training sessions and quantified them via
the sSRPE and eTRIMP method (Edwards 1993). The authors concluded that SRPE can be used as a
subjective estimate of TL. Importantly, Foster et al. (2001) did recognize a potential limitation caused
by the multiplication of intensity and duration, especially for higher exercise intensities. Another
experimental study that examined the validity of the TL concept was performed by Wallace and
colleagues (Wallace et al. 2014b). However, the methodology used was inappropriate, as the authors
compared internal and external TL metrics against the total VO,. The study reported that TWD was
the most valid measure of TL. There are plenty of reasons why TWD should not be considered the

gold standard for TL monitoring and these will be discussed below. Further, this conclusion
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contradicted a comment from the same authors in their paper that the internal TL better describes the

stress experienced by the athletes.

The first concern regarding the validity of TL load is due to the studies that attempt to estimate
the training stress by combining indices of exercise intensity and duration rather than to measure the
training stress directly (Manzi et al. 2009b, 2015; Sanders et al. 20173, b; van Erp et al. 2019b, a).
This may be justified because estimating the training stress via TL is more practical than measuring
the stress imposed on the human body by exercise, which can be measured at different levels such as
cellular, tissue, system and functional levels. Nevertheless, the relationship between TL and changes
in performance may be affected by many other factors. For example, the training process cannot
ignore aspects such recovery (Bourdon et al. 2017), nutritional strategies (Jeukendrup 2017),
percentage of time affected by injuries (Drew et al. 2017), negative life-event stress (Fry et al. 1991),
daily hassles (Lehmann et al. 1993) and coaching style (Davis et al. 2018). Collectively, all these
aspects have been suggested to affect the relationship between the doses of training and potential
adaptations. Therefore, it seems logical to assume that by assessing performance through long-term
studies, a greater focus has been given on the adaptations rather than the training stress imposed by
training. Nevertheless, the evidence above suggests that there are a lot of factors that affect how an
individual adapts to training. As such, the validity of the TL concept may need to be examined in
relation to the training stress imposed rather than the long-term adaptations resulted from multiple
training sessions. So far, TL metrics are used to estimate the training stress, however , the relationship

between TL and training stress remains to be examined experimentally.

Another concern about the validity of the TL concept is due to the link with the TWD. This is
due to the fact that both the TWD and the TL concept use the multiplication between intensity and
duration. There is plenty of evidence why TWD may not be the foundation for TL metrics and this
can be attributed to the following reasons. To begin, TWD may not provide an appropriate

representation of the exercise dose, and should not be used for matching sessions when training
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intensity and duration are different (Nicolo et al. 2016b; Passfield et al. 2017; Renfree et al. 2021).
For instance, Passfield et al. (2017) provided a useful example to show the limitations of the TWD
concept. The authors raised that a single, 4 min effort at 400W cannot be differentiated from 4 sets
of 1 min efforts at 400W. Importantly, the stress imposed by these two training formats is unlikely to
be similar (Passfield et al. 2017). Rather than the TWD, it was suggested that the participants’ effort
may be a better indicator of the stress experienced from exercise (Nicolo et al. 2016b). Further, the
concept of TWD has received criticism in regards to the relationship between TWD and exercise
duration (Nicol0 et al. 2016b). This criticism (Nicolo et al. 2016b) was based on work from others
(Stewart et al. 2016) where increased duration was not accompanied by an increase in TWD and thus,
the effort was decreased. As such, when exercise intensity decreases, the TWD also has to be
increased rather than fixed, if the aim is to keep an athletes effort constant (Nicolo et al. 2016b).
Thirdly, there are differences based on the type of session imposed. These differences can be detected
with continuous and intermittent type of endurance sessions are performed (Nicol6 et al. 2014). It
has been suggested that constant exercise is less stressful compare to interval type sessions, and that
a longer TWD is required for the same effort (Nicold et al. 2014). Furthermore, others (Turner et al.
2006; Davies et al. 2017) proposed that when both the work-to-rest ration in interval exercise and the
TWD are fixed, the metabolic strain increases with the duration of the intervals. These studies
collectively demonstrated the problems with intensity and duration and how these are reflected in the
TWD concept. Lately, Renfree et al. (2021) suggested that the way in which the session is being
performed may potentially be more important than its resulted TWD. In summary, the lack of
established scientific validity for TWD and related TL metrics as a measure of training dose may not
be a small error, rather, it may be a fundamental problem for TL quantification. This will be further

supported from the findings of the thesis and will be discussed in Chapters 3,4, 5 and 6.
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2.6.2 The Limitations of the Fitness and Fatigue Model

The model proposed from Banister et al. (1975) and used by others later (Millet et al. 2002;
Avalos et al. 2003; Busso 2003; Busso and Thomas 2006) has some limitations that need to be noted.
The greatest limitation of this model is that the more the athlete trains, the more the performance will
increase without any limit. TRIMPs are proportional to the TL and therefore, as TL increases, fatigue
and fitness increase to an indefinite point. However, there is plenty of evidence that there is a limit
to TL and above that limit no adaptations occur (Fry et al. 1992; Morton 1997). Equally, the model
does consider a limit on performance, which from a practical perspective seems unrealistic. Another
limitation of that model is that is assumes that performance is explained by the dynamics of TL only.
There is plenty of evidence on the fact that athletic performance is known to be a multifactorial
process_(Banister et al. 1975; Mujika, Ifiigo et al. 1996; Avalos et al. 2003). Performance is_known
to be affected by psychological and nutritional factors (Banister et al. 1975; Morton et al. 1990) and
technical factors (Toussaint and Hollander 1994; Wakayoshi et al. 1995). Therefore, changes in
performance may not be only related to TL and thus why mathematical models may result_in poor

predictions_(Taha and Thomas 2003).

Another limitation of fitness and fatigue models proposed by Bannister et al. (1975) has been
highlighted from Jeffries et al. (2021). It was suggested that training might have more broad effects,
and that instead of using fitness and fatigue as terms, a broader terminology should be used such as
negative and positive training effects. For example, fitness may be defined by a set of attributes such
as muscular strength and endurance, body composition, flexibility, reaction time, power, agility and
cardiorespiratory fitness (Wilder et al. 2006). Therefore, Jeffries et al. (2021) argued that these
definitions are related to a set of outcome measures (i.e. output) and may not reflect the fitness
component (i.e. input) proposed by the fitness and fatigue model (Banister et al. 1975). Similar
concerns about the fatigue component in existing model (Banister et al. 1975). Some important

complications about the fatigue component were also mentioned earlier in Chapter 2.3. For instance,
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the term fatigue proposed by Banister et al. (1975) may not be enough to describe the overall negative
effects of training. In particular, the authors proposed that fatigue is not the only negative effect being
derived from training. For example, as said in Chapter 2.2, training is known to induce muscle
damage (Peake et al. 2017), as well as mood suppression and increases in depression (Morgan et al.
1987). Another example is that mental fatigue has been previously been shown to impair endurance
performance (Marcora et al. 2009; Smith et al. 2015), but how mental fatigue specifically contributes
to the training-induced fatigue is currently unknown. Lastly, the fitness and fatigue model recognized
that contextual factors (i.e. health, nutrition, environmental factors, training status) can have an effect
on performance but did not attempt to consider them in the model. Indeed, Banister et al. (1975)
acknowledged that emotional factors may affect performance. However, only recent frameworks
have attempted to clarify and propose the integration of these factors (Impellizzeri et al. 2019; Jeffries
etal. 2021). In summary, these findings suggest that the fitness and fatigue model may has limitations

and these may equally apply to the TL concept.

2.6.3 Dose-Response Relationship and TL metrics

There evidence for whether TL metrics can inform the nature of the dose-response relationship
is equivocal. So far, there is a fair amount of evidence suggesting a liner dose-response relationship
between TL and changes in fitness (Manzi et al. 2009b; Akubat et al. 2012; Manzi et al. 2013; Malone
et al. 2016; Sanders et al. 2017a) For example, Sanders et al (2016) highlighted TL metrics that use
individual physiological characteristics alike iTRIMP (r = 0.81) and the training stress score (TSS)
(r = 0.75) showed a better dose-response relationship between TL and performance. Similar results
were shown in team-sports, where an individualized method of TL (i.e. iTRIMP) showed stronger
dose-response relationships with changes in physiological thresholds associated with aerobic fitness

(2 and 4 mmol-1) (Manzi et al. 2013). Nevertheless, others have suggested that the relationship
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between TL and performance is not straightforward (Foster et al. 1996; Taylor et al. 2017; Vermeire
et al. 2021). For example, in a study conducted for cyclists, runners and speed skaters, poor
correlations (r = 0.29) between sRPE and performance assessments were found (2 miles TT for
runners, 5km or 10km for cycling) (Foster et al. 1996). In cycling (Vermeire et al. 2021) showed that
higher weekly scores for all HR-based TL metrics (bTRIMP, eTRIMP, LUTRIMP, iTRIMP) did not
correlate with changes in performance. Vermaire et al (2019) concluded that expectations for
improvements in performance are highly unlikely to occur due to increases TL. Taylor et al. (2018)
suggested iTRIMP and bTRIMP but not LuTRIMP, eTRIMP and sRPE as appropriate methods for
monitoring the dose-response between TL and changes in fitness. This may be a surprising finding
given that all TL metrics are based on the TWD concept and calculate the TL similarly. Another
important detail on the dose-response relationship between TL and performance is that , the human
body has a limited capacity to adapt to a given TL (Hellard et al. 2005). Indeed, Hellard et al. (2005)
and others (Foster et al. 1996; Taylor et al. 2017; Vermeire et al. 2021) suggested that the relationship

between the doses of training and training adaptations are not linear.

Overall, it is unclear which, if any, is the best TL metric for endurance activities. Often, studies
have compared how different TL metrics affected performance and proposed some TL metrics
compared to others (Padilla et al. 2001; Borresen and Lambert 2008; Alexiou and Coutts 2008;
Rodriguez-Marroyo et al. 2012; Wallace et al. 2014b, a; Borges et al. 2014; Manzi et al. 2015;
Sanders et al. 2017a, b; van Erp et al. 2019b, a; Van Erp et al. 2020) For example, some studies
proposed the use of power output (Sanders et al. 2017a, b; van Erp et al. 2019b; Van Erp et al. 2020)
and correspondent metrics (TSS). Others suggested the HR-based metrics better described the TL-
performance relationship (Manzi et al. 2009b; Akubat et al. 2012). On the other hand, many other
studies found a good relationship between RPE and HR-based metrics (Padilla et al. 2001; Borresen
and Lambert 2008; Rodriguez-Marroyo et al. 2012; Wallace et al. 2014a, b; Borges et al. 2014; Manzi

et al. 2015; van Erp et al. 2019a). Some other studies showed similar responses between TL metrics
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based on RPE and HR for some intensities, yet disagreed in higher exercise intensities (Impellizzeri
et al. 2004; Borresen and Lambert 2008; Alexiou and Coutts 2008; Manzi et al. 2015; van Erp et al.
2019a). The characteristics of each variable may explain the contradiction observed between TL
metrics. For example, HR as a physiological variable has received criticism on whether it can reflect
the demands of exercise (Foster et al. 2001; Borresen and Lambert 2008) at higher intensities and
that may have affected how HR-based metrics responded across studies. In contrast, RPE was
suggested to reflect exercise intensity better compared HR-based methods when both aerobic and
anaerobic metabolic systems are activated (Earnest et al. 2004). Indeed, the use of RPE was also
suggested from others (Impellizzeri et al. 2004; Alexiou and Coutts 2008; Manzi et al. 2015; van Erp
et al. 2019a). Interestingly, power output (Sanders et al. 2017a; van Erp et al. 2019b), HR (Manzi et
al. 2009b; Akubat et al. 2012) or HR and power output-based metrics (Sanders et al. 2017a, b) were
suggested as a better choice compared to RPE-based metrics. Several studies have suggested that
these differences are due to the nature of the measurements (Borresen and Lambert 2008; Alexiou
and Coutts 2008; Rodriguez-Marroyo et al. 2012), while some others suggested that it may be due to
the weighting factor used for each metric (Sanders et al. 2017b; van Erp et al. 2019b). Exercise
intensity is weighted differently in many TL metrics, with most following a non-linear weighting
(bTRIMP, TSS, rTSS, iTRIMP) but some adopting a zone-based weighting (eTRIMP, LUTRIMP).
Independently of the different weighting for each TL metric, the variable used to reflect exercise
intensity for each method may play an important role. For example, iTRIMP uses lactate as part of
determining the non-linear weighting of exercise intensity. Nevertheless, intermittent-type of
activities have been shown to alter the blood lactate-HR relationship and consequently affect how the
dose of exercise is presented via current TL calculations (Akubat and Abt 2011). Lactate is also found
to be affected during competition periods, where anaerobic-type of exercise is often performed more
frequently (Seiler 2010). Overall, the contradictive findings in the literature do not provide enough

evidence to recommend the use of a particular TL metric.
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2.6.4 Training Prescription and Monitoring

The variables of both training intensity and duration are involved for both the prescription and
monitoring purposes along with training frequency. The influence of intensity and duration for
training prescription and quantification have arguably been biased in the attention they receive. The
role of exercise intensity for exercise prescription has been discussed extensively in the literature
(Mannetal. 2013; lannetta et al. 2020). The concepts of power output, speed, VO, and HR for training
prescription are often used as thresholds or fixed percentages of maximum values such
as %PPO, %PTV, % VO, and %HR, respectively. The threshold approach has found to be more
efficient compared to fixes percentages, although this approach has received criticism due to the
many laboratory visits required (Mann et al. 2013). Furthermore, lannetta et al. (2020) suggested that
the responses from any percent-derived or zone-derived value may be unpredictable and will vary
among different individuals. Moreover, an inter-individual variability exists when it comes to the
training responses and therefore, terms such “’responders’” and ‘’non-responders’’ have become

more commonplace (Mann et al. 2014).

There is not a gold standard method of classifying exercise intensity for the purposes of training
prescription. The use of RPE is a simple and practical method for exercise prescription in endurance
exercise. This method uses the concept of perceived exertion to guide athletes towards pacing the
prescription, for example of a “maximal session effort’” and this is known as isoeffort prescription
(Seiler and Sjursen 2004; Seiler et al. 2013; Nicol6 et al. 2014). The CR-10 RPE scale (Borg 1982)
was also found useful for the prescription of cycling training sessions of different intensities and
durations (O’Grady et al. 2021) and resistance-type of training sessions (Helms et al. 2018). Lastly,
peak power output (PPO) has also found to be useful for the prescription of interval training (Hawley
et al. 1997; Rennestad et al. 2020) and has shown to be well linked with VO,max (Hawley and
Noakes 1992). In running, the concept of peak treadmill velocity (%PTV) is proposed as a

prescription method (Manoel et al. 2017) and it has been suggested to link well with lactate thresholds
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(Noakes et al. 1990). Despite the usefulness of these approaches, the determination of VO,, La
and %PTV is highly depended on the incremental protocol used (Bentley et al. 2007) and their
collection requires a laboratory visit or repeated testing which are not practical options for
practitioners and coaches. In summary, there is no clear evidence for determining the best exercise

intensity marker to use for training prescription purposes.

Although training prescription is not the main concern of this thesis, the findings discussed above
have implications for the concept of TL. The relationship between TL and performance is not
straightforward (Foster et al. 1996; Taylor et al. 2017; Vermeire et al. 2021), but exercise intensity
seems an important variable for inducing TL (Foster et al. 2001; Impellizzeri et al. 2004; Alexiou and
Coutts 2008; Manzi et al. 2009b; van Erp et al. 2019a; Van Erp et al. 2020). There seems to be little
clarity in terms of what is the best exercise intensity variable to exercise prescription. The way
training is prescribed is also related to monitoring and how training is scheduled, due to the recovery
needed between training sessions. Nevertheless, the absence of a gold standard for inducing TL

(prescription) may equally pose limitations when it comes to quantify the effects of a training session.

Training duration has also received attention for prescription (Esteve-Lanao et al. 2005; Seiler
and Kjerland 2006; Seiler 2010; Hofmann and Tschakert 2017). Different studies have attempted to
include intensity and duration together for prescribing exercise (Seiler and Kjerland 2006; Seiler
2010; Hofmann and Tschakert 2017), but exact durations were not proposed for each intensity
domain (Esteve-Lanao et al. 2005; Seiler and Kjerland 2006; Seiler 2010). Few attempts have been
made to isolate the effects of exercise duration specifically (Tremblay et al. 2005) and its effects in
acute and chronic performance adaptations consequently remain currently unclear. It has been
suggested that there is a need for an individualized prescription when it comes to the effects of
exercise duration (Hofmann and Tschakert 2017). This is reinforced by the findings of a recent study
where the independent and individualized effects of exercise duration and distinct duration domains

were found (Tschakert et al. 2022). Only few attempts have been suggested to individualize the

39



prescription of exercise duration. For example, the concept of maximum duration (tmax) at a given
intensity has been proposed (Lutttikohlt et al. 2006). In this method, training sessions of maximum
intensity progressively increase the TWD when plotted against increases in exercise duration.
Therefore, every training duration is represented as a percentage of what an athlete can achieve in
terms of intensity (%tmax) (Hofmann and Tschakert 2017), so that duration is expressed as a
percentage rather than being used as an independent multiplier as with most TL metrics. Other authors
(Ross et al. 2015; Lin et al. 2021) have suggested that this may be a promising method for addressing
heterogeneous acute responses and long-term performance adaptations and that this approach may
partially solve the ’non-responders’’ problem. Importantly, the prescription of intensity and duration
was suggested to influence the recovery time needed between sessions (Tschakert et al. 2022). For
example, more intense and short in duration training sessions seem to require longer recovery
compared to less intense but longer in duration training sessions (Kenttd and Hassmén 1998; Russell
et al. 2013; Hofmann and Tschakert 2017). This is another area where training prescription and
monitoring link with an aim to modulate the training dose and consequently affect the design of
repeated training sessions. These findings collectively suggest that exercise duration may need to be
individualized for prescription purposes and normalized according to overall the training session
intensity. This in turn implies that monitoring may also require an individualized approach towards

weighting the effects of both intensity and duration.

It seems that the role of exercise duration prescribed matters for the resulted training effects.
Durnin et al. (1960). reported that lower exercise intensity but longer session duration resulted in the
largest fitness changes in untrained men. Shephard (1968) showed that even with low exercise
intensities (<40% of VO2max) longer durations can result improvements in performance of untrained
participants. Davies and Knibbs (1971) highlighted the importance of higher intensities for greater
training effects compared to duration. Nevertheless, these researchers acknowledge that their training

sessions involved shorter exercise durations compared to the protocol used by Shephard (1968). The
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effects of duration have been shown to improve VO,max independently of exercise intensity,
frequency and length of the intervention period (Wenger and Bell 1986). In this study, the authors
used different training sessions of intensity, duration and frequency and its effects on VO.max were
examined. Their results showed that maximum exercise intensities (90-100% of VO,max) resulted
to improvements in aerobic power. Nevertheless, they also showed that more training sessions of
longer durations (>35 min) with lower intensities (50% and 70% of VO.max) resulted in greater
improvements compared to the shorter durations (25-35 min) but higher intensities. Evidence for the
relationship between intensity and duration and their effects were previously examined prior to the
study from Wegner and Bell. (1986). Despite the findings from these early studies, there seems to be
a lack of clarity on the training effects resulted from exercise duration and how that may affect TL

monitoring.

Current TL metrics do take into account the effects of exercise duration but the interaction
between exercise intensity and duration is not included. Instead, TL metrics use the concept of
exercise duration as a multiplying factor in absolute values with training intensity. This is interesting,
given how much attention has been given towards exercise intensity and its effects (Sanders et al.
2017a, b; van Erp et al. 2019b), whilst exercise duration has not received much attention in the TL
literature. Given the early evidence on the effects of both intensity and duration on performance
(Durnin et al. 1960; Shephard 1968; Davies and Knibbs 1971; Wenger and Bell 1986) Banister et al.
(1975) could have considered the effects of intensity and duration differently. Years later, the
weighting of exercise intensity was adjusted (Morton et al. 1990) but surprisingly without
consideration for the effects of exercise duration as well. The role of exercise duration in TL
monitoring has been questioned recently (Weaving et al. 2020). In particular, Weaving et al. (2020)
found exercise duration to be the main contributor to the variance in TL for professional rugby
players. In an opinion piece Renfree et al. (2001) suggested that the inclusion of intensity and duration

may not account for the non-linear nature of the training stress. Whilst there are suggestions for the
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inclusion of both in a weighted manner when it comes to training prescription (Tremblay et al. 2005;
Hofmann and Tschakert 2017; Tschakert et al. 2022), similar suggestions have not yet been proposed

for monitoring purposes.
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2.7 Statement of the Thesis - Aims and hypothesis

Traditionally, endurance training quantification has been proposed through its resulted TL.
The concept derives from the work of Banister et al. (1975) and explained earlier in this thesis (see
Chapter 2.1). Despite its long-standing popularity, concerned were expressed earlier in regard to how
TL metrics quantify endurance training. For example, some concerns were related to the terminology
used and what the TL metrics specifically measure (Chapter 2.2). Moreover, concerns were also
expressed on the concepts that underpin the TL monitoring such as the fitness and fatigue model
(Chapter 2.6.2), the dose-response relationship between TL metrics and performance (Chapter 2.6.3)
and the TWD concept (Chapter 2.6.1). These concerns may suggest the need for an alternative on
how TL is conceptualized and quantified by scientists, coaches and athletes. This thesis is aiming to
directly assess whether TL metrics are associated with decreases in performance. Specifically, a
performance test will be performed after different training sessions in order to quantify their effects.
As exercise is expected to lead to an acute performance decrement (APD), this thesis aims to verify
if APD is associated with currently used TL metrics when the training characteristics are modulated
systematically. Accordingly, 3 studies were designed. The purpose of the first study was to assess the
association between APD and TL metrics when comparing training sessions with different intensities
and durations. The purpose of the second study was to extend these findings to running and evaluate
whether an association is found if continuous and intermittent sessions are compared. Lastly, the third
study systematically assessed the effect of exercise duration on TL metrics and APD at different
levels of exercise intensities. Collectively, these studies should provide a new direction on how
endurance training should be quantified. This thesis hypothesizes that the APD responds to different

training sessions will contradict those from TL metrics.
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2.8 Methodological considerations for APD

In the view of the concerns mentioned above (Chapter 2.6), there seems a need for alternative
approaches for TL quantification. For example, in TL may need to be examined from the scope of
the training stress applied by exercise, rather than the scope of training adaptations (Chapter 2.6.1).
When exercise, the training stress applied and its effects can be measured at different levels such as
cellular, tissue, system and functional levels. Expensive and laborious methods may offer only a
snapshot of how the body reacts to exercise. Importantly, the training stress imposed by exercise
needs to be examined via a method that is sensitive to a variety of psychobiological stressors that
may interact with exercise. From a functional level, the training stress imposed by a single training
session and its effects may be conceptualized and quantified as the detrimental effect that this training
session had in performance. This conceptualization may be considered in line with how Banister et
al. (1975) conceptualized TL. Nevertheless, as said earlier in Chapter 2.3, no attempt has been made

to directly assess the negative effects of training on performance.

A useful tool for such purposes may be the APD, or the post exercise performance assessments
firstly mentioned in Chapter 2.3. Post exercise performance assessments were shown to be sensitive
to a variety of environmental, biological and psychological stressors related to exercise
(Heigenhauser et al. 1983; Gonzalez-Alonso et al. 1999; Marcora et al. 2008, 2009; Koglyn L 2013)
and were previously used in endurance exercise (Passfield and Doust 2000; Rodriguez-Marroyo et
al. 2017; Clark et al. 2018; Fullerton et al. 2021). These studies in endurance exercise suggested that
prior exercise compromises endurance performance. Thus, the extent that performance is affected by
prior exercise may be used to quantify the effects that a training session may have on an individual.
In that way, the training effects are directly measured, rather than quantifying the amount of training
completed, related indices such total oxygen uptake, total work done and similar traditional measures
of TL. Conceptually, APD is proposed as an evaluation of the training stress imposed by exercise,

rather than a measure of TL. Nevertheless, later in this thesis (Chapters 3,4 and 5), TL metrics and
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how they represent the training dose will be examined versus APD. There is a lack of studies where
the acute decrement in performance is systematically evaluated after various training sessions
consisted of different intensities and durations. This systematic evaluation will be attempted
experimentally in Chapters 3,4 and 5. APD will be calculated as the observed change in performance,

as a consequence of as training session. Mathematically,

Acute decrement in per formance = (P2 — P1)/P1- 100

Where P1 is the baseline performance established without prior exercise, and P2 is performance
after different training sessions. APD will be calculated as a positive percentage change, to allow
comparisons with the corresponding TL metrics. Collectively, APD is a novel methodology and is
proposed to address the issues of TL mentioned earlier (Chapter 2.6). It may contribute towards a
conceptual shift in terms of how scientists, coaches and athletes think TL and consequently quantify
it.

The choice of the performance test to use (i.e TTE or TT) and the experimental design may vary
according to the type of sport and competition level. Chapters 3, 4 and 5 used a randomized,
crossover, within-subjects design with a careful control of potential confounding factors. In all
experimental studies, TT’s were preferred over TTE’s, due to lower intraindividual variability
(Currell and Jeukendrup 2013). In particular, relatively short TT’s were implemented for both cycling
(Chapter 3) and running (Chapter 4 and 5). The characteristics of a training sessions may also play a
role on how performance is reduced. Fullerton et al. (2021) demonstrated that both the intensity and
the duration elements of the prior training session seem to affect the extend of that decrement in
performance. Later (see Chapters 3,4 and 5) and as part of the systematic evaluation of prior exercise
on performance, training sessions with different intensities and durations will be used. This
systematic evaluation will provide insights of how APD changes after training sessions with different
combinations of intensity and duration. For example, in Chapters 3 and 4, relatively short (> 10-min)

but very intense training sessions (TT’s) were used. Alternatively, longer training sessions (25-
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40minutes) with lower intensities were implemented (Chapter 4 and 5). Chapter 5 used a long
duration (40-min) and high intensity (RPE 8). The selection of the training sessions aimed to replicate
how typically endurance athletes train and were adjusted according to the hypothesis of each

experimental chapter.

Measuring performance after a training session may impose several challenges for the
participants, as well as the researcher involved. For example, all experimental visits conducted in
Chapters 3,4 and 5 required from the participants to perform a maximal effort trial after a training
session. That made all visits demanding for participants, and therefore all visits were separated by at
least a 48-h window. Another challenge when designing the experimental chapters was the rest time
provided between the running or cycling training sessions and the performance assessment. The
performance assessment had to take place relatively close to the training session. If the training
session and the performance assessment were conducted too far apart, that would risk the possibility
to capture the effects from that training session. Therefore, the training session and the performance
assessment had to take place immediately after, or with a relative short rest in between. Nevertheless,
the exact time that should be provided between the training sessions and the performance assessments
was unknown. For example, studies that used the acute decrement in performance used either no rest
(Passfield and Doust 2000; Clark et al. 2018; Fullerton et al. 2021) or assessed performance the day
after (Rodriguez-Marroyo et al. 2017). The idea of assessing performance immediately after a
training session was excluded, due to the purpose of the studies and the thesis collectively. For
example, if no rest was provided, the collection of important information for both the training sessions
(i.e SRPE scale, NASA-TLX) or the performance assessment trials (i.e motivational scales) would
not be possible. Further, it would not allow participants to catch their breath prior to completing a
TT. That was important, especially when TT’s were implemented as initial training sessions. For

those reasons, multiple pilot trials were conducted prior the collecting data for Chapter 3. These pilot
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studies suggested that a 5-minute rest is a suffice time frame that allows the collection of data and

athletes to exert maximal effort trials.

The aim of all experimental Chapters was to capture the detrimental effects of a training session
on APD. Conceptually, this attempt will relate the training dose to its effects, or APD. As said in
Chapter 1, there is a lack of evidence on how a single training session precisely develops fatigue and
only conceptual attempts have been made (see Figures 1.1). In other words, the magnitude of fatigue
resulted after a training session is unknown. The way humans respond to training seems to be a highly
individualized process and it is likely to depend on many factors. For example, different training-
induced fatigue will be resulted from similar training sessions in individuals with different fitness
levels. Similarly, different training sessions of intensity and duration will affect a group of athletes
with similar characteristics in a different manner. This add complexity to the conceptual link between

the training dose, its resulted fatigue and when APD should be administered.

Ideally, it will be very informative to track the time course of APD after an acute bout of exercise
as conceptualized by the supercompensation principle. However, this is not feasible from an
experimental perspective and therefore, a within-subjects design was implemented with the 5-minute
rest provided between the training sessions and the performance assessments maintained across all

visits for all participants.
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Chapter 3: Cycling Performance and Training Load: Effects of
Intensity and Duration

3.1 Aims and hypothesis

The first aim of Chapter 3 was to experimentally introduce the APD concept (see Chapter 2.8).
APD will be used in this Chapter to assess if cycling training sessions with different characteristics
will result in a detrimental effect on performance. These cycling training sessions will be consisted
of different exercise intensities and durations and their TL will be calculated. As the TL is associated
with the TWD, this chapter aimed to challenge that link. The way TL metrics quantify training is via
the multiplication between intensity and duration, which is conceptual similar to the TWD concept.
To challenge this idea and based on the doubts expressed earlier (Chapter 2.6), cycling training
sessions with noticeable differences in their resulted TWD were used. In particular, a 5-min max, a
20-mim max, a 20-min sub-max and a 40-min sub-max. The goal here was to observe how TL metrics
guantify a training session with a relative low TWD (i.e 5-min max), compared to training sessions
with substantial differences in terms of their TWD (i.e 20-min sub-max and 40-min sub-max).
Another aim of this study was to compare how differences in exercise duration affect the way TL
metrics quantify cycling sessions when maximal exercise. The 4 times higher duration, despite the
same intensity, will provide useful information on how TL metrics assemble compared to how APD
develops. Based on the above, it was hypothesized that the traditional TL metrics that depend on the

TWD concept may not agree with APD.
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3.2 Abstract

Purpose: To examine the effect of cycling exercise intensity and duration on subsequent
performance; and to compare the resulting acute performance decrement (APD) with total work done

(TWD) and corresponding training load (TL) metrics.

Methods: 14 male cyclists performed a 5-min time-trial (TT) as a baseline, and after 4 initial exercise
bouts of varying exercise intensity and duration. The initial exercise bouts were performed in a
random order and consisted of a 5- and a 20-min TT, and a 20- and 40-min sub-maximal ride. The
resulting APD was calculated as the percentage change in 5-min TT from baseline, and this was

compared with the TWD and TL metrics for the corresponding initial exercise bout.

Results: Average power output was different for each of the 4 initial exercise bouts (7,?=0.971;
P<0.001), and all bouts resulted in an APD. But APD was only different when comparing maximal
to sub-maximal bouts (7,°=0.862; P<0.001). The APD contradicted TWD and TL metrics, and was
not different when comparing 5- and 20-min maximal TT’s, or the 20- and 40-min sub-maximal

bouts. In contrast, TL metrics were different for all training sessions (#7,2=0.970; P<0.001).

Conclusion: An APD is found after initial exercise bouts consisting of 5- and 20-min TT’s and after
20-, and 40-min of sub-maximal exercise that is not consistent with the corresponding values for
TWD or TL. This discrepancy highlights important shortcomings when using TWD and TL to

compare exercise bouts of different intensity and duration.
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3.3 Introduction

It is well established that an acute performance decrement (APD) is observed as a
consequence of prior endurance exercise ranging between 60 and 85% VO_peak lasting from 30 to
120-min (Passfield and Doust 2000; lannetta et al. 2018; Clark et al. 2018). The extent of this APD
varies considerably, however comparison between studies is problematic as a 1% change in time-to-
exhaustion is not directly proportional to a 1% variation in time-trial (TT) performance (Amann et
al. 2008). Nonetheless, it is apparent that the total work done (TWD) during the prior exercise does
not correspond to the resulting APD. For example, an increase in work-rate of just 10 W for an
exercise bout of 30-min changes APD from -37% to -64% (lannetta et al. 2018). The discrepancy
between these measurements may be important because TWD is widely used as a means of matching
exercise bouts of different intensities and durations (Stewart et al. 2016; Maclnnis et al. 2017). We
and others have previously pointed out the theoretical limitations of this approach (Seiler et al. 2013;
Nicol6 et al. 2014; Nicolo and Girardi 2016; Nicolo et al. 2016b), but surprisingly a systematic
evaluation of the APD that results from exercise of different intensities and durations has never been
conducted.

The potential discrepancy between TWD and APD is more than just a theoretical concern. In
an applied context coaches and scientists use the concept of training load (TL) to quantify their
exercise programs. The increasingly popular TL concept is based on the approach of normalizing the
training session for its TWD (Wallace et al. 2014a; van Erp et al. 2019a). The TL concept and its
underpinning of TWD originates from the work of Banister and colleagues (Banister et al. 1975),
who attempted to quantify the performance benefit (fitness gains) and APD (fatigue) that resulted
from individual training sessions. The authors attempted to quantify the short-term “load” imposed
by a training session using training impulses (TRIMPS) in order to predict longer-term changes in
performance. Thus the long-term performance predictions are derived from TRIMPs, which reflect a

short-term assessment of the fitness gains and APD arising from the individual training sessions.

50



Despite substantial subsequent revisions to this approach, the present-day TL metrics typically still
rely on direct measurement or estimations of TWD. As discussed above, if exercise bouts similar in
TWD can lead to substantially different APDs and physical effort (Seiler et al. 2013; Nicolo et al.
2014; lannetta et al. 2018), monitoring training with current metrics of TL may provide limited
insight. Considering how TL was originally conceptualized by Bannister and colleagues, the TL for
a training session should be broadly reflected by its resulting APD. If this is not the case it may
indicate that the basis for calculating TL merits revision. Accordingly, a systematic evaluation of
acute bouts of exercise where intensity and duration are manipulated will allow us to determine if the
resulting changes in TWD, TL and APD correspond.

The present study was designed to evaluate the short-term effects of manipulating the
intensity and duration of an initial exercise bout on subsequent APD. Specifically, we manipulated
TL by changing work rate, and duration in different exercise bouts to examine its relation to
subsequent APD. We hypothesized that current metrics of TL that are dependent on calculated TWD

may not be associated with the subsequent APD.
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3.4 Methods

3.4.1 Participants

This study recruited (see Figure 3.1) 14 male recreational and competitive cyclists (mean £+ SD: age
30 + 8 years, height 1.80 + 0.65 m, weight 75.9 + 8.3 kg), with at least 3-years of experience and
training >8 h/week. They gave informed consent to participate in this study which had local ethics
committee approval in compliance with the Declaration of Helsinki. Participants were asked to
standardize their pre-testing physical status by, consuming water and a light meal 3-h prior to each
test, and refraining from caffeine and alcohol consumption, and vigorous exercise, for 24-h before

each test.

Recruitment of participants (At
least 3-years of experience and
training >8 h/week)

' 3

Recreational and competitive Rec.reatlonal and competiive
cyclists from university cyclists from local cycling clubs

}

16 male recreational and
competitive cyclists

Dropouts
2 dropouts unrelated to the

experimental study

14 male recreational and
competitive cyclists

Figure 3-1 Flow chart of recruitment process and dropouts
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3.4.2 Experimental Overview

A randomized, crossover within-subjects design was used for this study which required
participants to visit the laboratory at the same time of day on 6 separate occasions, separated by at
least 48-h over a 4-wk period (see Figure 3.1). Participants completed all exercise protocols using
their personal road bicycle, which was mounted on a computer-controlled ergometer, (Cyclus-2,

RBM Electronik- Automation GmbH, Leipzig, Germany).
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.. .. Performance assessment
Preliminary visit Ramp Incremental test

(familiarization)
Visit 1 A 40-min recovery & min
max
Experimental visits Initial exercise bouts Performance assessment
e 5-min
Visit 2
max
Visit 3* S-min 5-min recovery 5-min
isit max —> max
: 5-mi / 5-min
Visit4® 20-min max 5-min recovery
: — max
ey 2 30-min sub-max 5-min recovery 5-min
Visit 5 3 ¢ 3 max
5-min recovery 5-min
. 40-min sub-max -
Visit 6 —> max

Figure 3-2 Diagram of the experimental design. Visit 1 is the preliminary testing. The baseline, 5-
min max, 20-min max, 20-min sub-max and 40-min sub-max visits are the initial exercise bouts (open
boxes) performed in randomized order* and the 5-min TT (filled boxes) evaluate APD.
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3.4.3 Ramp incremental test

After a 5-min warm up at 200W, participants completed a ramp incremental test to volitional
exhaustion. The test started at 80W and was incremented by 30W-min™ after the first 2-min.
Participants were instructed to maintain their preferred cadence (87 £ 7 rpm) throughout the test
which was terminated when cadence fell below 60 rpm. The participants’ VO2zmax Was calculated as
the highest 30-s average, while peak power output (PPO) and maximum heart rate (HRmax) Were
recorded as the highest absolute values. The first (VT1) and the second (VT2) ventilatory thresholds
were obtained according to previously described procedures (Beaver et al. 1986). After a 40-min rest

participants then performed a familiarization 5-min TT according to the details below.

3.4.4 Time-trials

Participants were instructed to maintain a specific power output for the first 15-s of all TT’s.
For the familiarization 5-min TT, this power output was computed as a percentage of PPO achieved
during the ramp test. For all the other TT’s, the targeted power output reflected the average power
achieved during the familiarization 5-min TT (105%). We implemented this strategy to reduce the
variability in the first part of all TT’s (Thomas et al. 2012), in an attempt to ensure consistent pacing
strategies across all visits. After 15-s participants were un-paced and only provided with feedback on

elapsed time and cadence.

3.4.5 Experimental Protocols

Prior to all laboratory visits, a standardized 15-min warm-up and 5.5-min rest was completed.
Participants then completed 5 randomly ordered experimental visits, one to determine their 5-min TT

performance (baseline), and another four where a 5-min TT was performed after an initial bout of
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exercise. The four initial bouts of exercise were a 5-min, and a 20-min TT (5-min max, and 20-min
max, respectively); and a 20-min and 40-min sub-maximal bout, (20-min sub-max, and 40-min sub-
max, respectively). The work rates for the two sub-maximal initial bouts were both calculated to
accumulate 3 x TWD of the familiarization 5-min TT. This means the work rate for the 40-min sub-
maximal trial was always half of that for the 20-min sub-maximal trial. The choice of the four exercise
bouts was made to compare: i) the effect of exercise duration on APD when the overall effort is
maximal (5-min max vs. 20-min max); and ii) the effect of substantial differences in TWD on APD
(5-min max vs. 20-min sub-max and 40-min sub-max). After completing the initial exercise bouts

participants were allowed 5-min recovery before completing a 5-min max TT.

3.4.6 Measurements

During the ramp incremental test, VO, respiratory frequency (fr), and heart rate (HR) were
measured breath-by-breath using an online gas analyzer (Cortex Metalyser 3B, Cortex GmbH,
Lepzig, Germany) that was calibrated according to the manufacturer’s instructions. A thumb-prick
blood lactate (La’) sample (Biosen C-Line analyzer, EKF diagnostics, Wales) was obtained
immediately after each test. Participants’ rating of perceived exertion (RPE) (Borg 1982) was
collected using the 6-20 scale every 1-min. Participants had used the scale previously but were still
instructed in its use on their first laboratory visit. The APD was calculated as the percentage change
in average power output for the 5-min TT relative to the baseline trial (i.e. without preceding
exercise). Detailed information about APD can be found in Chapter 2.8. A thumb-prick blood La
sample (Biosen C-Line analyzer, EKF diagnostics, Wales) was collected prior any exercise (data not
shown), as well as after each exercise bout and TT. Participants’ VO,, and fr were recorded breath-
by-breath and averaged over 30-s for all TT’s and over 1-min for the initial exercise bouts along with
HR. The participants’ RPE was recorded every minute for 5S-min TT’s and every 2-min for all other
exercise. The National Aeronautics and Space Administration Task Load Index (NASA-TLX) rating

scale (Hart and Staveland 1988) was completed immediately after the initial exercise bouts. The
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participants’ scores for each of the six subcategories (i.e. mental demand, physical demand, temporal
demand, performance, effort and frustration) were added together without using a weighting factor
to provide an overall score for each initial exercise bout (Hart 2012). Motivation was assessed prior
to every exercise bout using a 0 to 9 analogue scale, where 0 corresponds to motivated “not at all”
and 9 corresponds to motivated “a lot” (Lurquin et al. 2016). Participants were familiarized with all
psychological scales during their first laboratory visit. A bTRIMP (Bannister 1991) score was
calculated for all initial exercise bouts as proposed by Bannister: bTRIMP = exercise duration
(minutes) - AHR -y, where AHR = (HRex— HRrest) / (HRmax — HRrest), Where y stands for the classical
increase in blood lactate for males (0.64e1°%). Lucia’s TRIMP (Lucia et al. 2003) was also calculated,
using time spent in three pre-defined HR zones based around ventilatory thresholds (VT), measured
during the ramp incremental test. Session RPE (SRPE) was calculated using the 0-10 CR-10 scale
(Borg 1982) collected immediately on completion of the initial exercise bout (Christen et al. 2016).
Energy expenditure (EE) of initial exercise bouts was calculated from expired gases (Peronnet, F.,
Massicotte 1991), and a training stress score (TSS™) (Allen and Coggan 2006) was calculated using
the power output as follows: TSS™ = [ (t x NP™ x IF™ ) / (FTP x 3600) ] x 100, where t is the
duration of exercise (min), NP™ s the normalized power for the exercise bout and IF™ is the ratio
between NP and the individual’s FTP (Allen and Coggan 2006). The FTP is the participant’s
functional threshold power and calculated from 20-min max as previously suggested (Maclnnis et al.

2018).
3.4.7 Statistical analysis

An a priori statistical analysis was performed using G*Power (version 3.1.9.2; Kiel
University, Kiel, Germany). Expecting a large effect size for the effect of intensity and duration
manipulation on APD. A sample size of 11 was required based on 1-# = 0.80 and a = 0.05. 16

participants were recruited to account for potential dropping out.
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Statistical analysis was conducted using IBM SPSS Statistics 25 (SPSS Inc., Chicago, IL,
ISA). A Shapiro-Wilk test was used to check data for normality before analysis. One-way repeated
measures ANOVA with Bonferroni post-hoc tests were performed to compare values for the initial
exercise bouts, their TL metrics, and the subsequent 5-min TTs. Two-way repeated measures
ANOVA (time x initial bout) were used to compare the time course of different variables (power
output, HR, RPE, fr and VO,) during the 5-min TT’s. When the sphericity assumption was violated,
the Greenhouse-Geisser correction was used. Effect sizes were calculated as partial eta squared (#,?)
and small, medium and large effects were taken as 72> 0.01, 72> 0.059, and 7,>> 0.138 respectively
(Cohen 1988). Statistical significance was accepted where P < 0.05 was found. The results are

presented as means (xSD) in the Tables, and as means (xSEM) in the Figures.

3.5 Results

3.5.1 Incremental Test

Peak VO, and PPO from the ramp incremental test, were 3.9 + 0.6 L min™ (53 + 8 ml kg
min't) and 396 + 53W, respectively. Power output and VO, corresponding to VT and VT, were 195

+54 W and 277 £ 50W, and 2.4 + 0.6 L mint and 3.1 £ 0.5 L min* respectively.
3.5.2 Initial Exercise Bouts

Due to technical problems, HR analysis was performed for 11 participants, and VO, and fr
for 12 participants. For the 4 initial exercise bouts, average power output (P<0.001; #,2=0.971) and
TWD (P<0.001, #,2=0.970), were different, except for 20-min sub-max vs. 40-min sub-max which
were designed to result in the same TWD but at different power outputs (Table 3.1 and Figure 3.3).
This resulted in 98+2%, 97+3% and 57+43% of the time being spent above the VO, at VT, for the 5-
min and 20-min max, and 20-min sub-max initial exercise bouts respectively. In contrast for the 40-

min sub-max initial exercise bout 89+25% of the time was spent below the VO, at VT1. An effect of
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initial exercise bout was found for VO, (5,°=0.903; P<0.001), fr (5,*=0.807; P<0.001), HR

(7,*=0.956; P<0.001) and RPE (77,>=0.939; P<0.001), but not motivation (17,?=0.089; P=0.296).

An effect of initial exercise bout was found for the TL metrics, SRPE (#,?=0.963; P<0.001),
TSS (1,°=0.936; P<0.001), TWD (#,>=0.97; P<0.001), bTRIMP (7,>=0.918; P<0.001) and LUTRIMP
(7p*=0.921; P<0.001) and all were different for the 5-min max vs. 20-min max initial exercise bouts,

except for the NASA-TLX scale (P>0.99).

3.5.3 5-min TT s

An APD was observed after all initial exercise bouts (77,°=0.862; P < 0.001) compared with
the baseline (Table 3.2). Bonferroni Post hoc testing identified differences in APD following all
initial bouts, except for between 5-min max vs. 20-min max (P>0.99), and 20-min sub-max vs. 40-
min sub-max (P=0.813). 95% Confidence intervals (CI) were calculated following the 5-min max
[15.4, 20.5], the 20-min max [16.6, 20.4], the 20-min sub-max [3.8, 9.8] and the 40-min sub-max
[2.5, 5.5] initial training sessions. No difference was observed in motivation prior to the 5-min TT’s,
except after the 5-min max initial bout compared with baseline (P= 0.018). A significant effect of
time was observed for all variables during the 5-min TT’s (#,2=0.861; P<0.001), HR (1,°=0.963;
P<0.001), power output (17,°=0.469; P<0.001), VO, (#,°=0.926; P<0.001) and RPE (#,?=0.903;
P<0.001). A significant effect of initial exercise bout was found for fr (17,2=0.204; P<0.036), HR
(7,°=0.375; P=0.001), power output (1,°= 0.714; P<0.001), VO, (#,>=0.315; P=0.002), but not for
RPE (P= 0.114). A significant interaction was observed for VO, (#,%=0.338; P<0.001), RPE
(7,2=0.171; P=0.001), fr (7,2=0.32; P<0.001), power output (;,%=0.274; P<0.001) and HR

(7,?=0.135; P=0.024), see Figures3. 4 and 3.5 .
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Table 3-1 Physiological, perceptual and mechanical values for the initial exercise bouts.

Initial Exercise Bouts

Measurement 5-minmax  20-min max szuoi;m;& 40-min submax
Power output (W) 337 + 49'F 273 £ 467 236 + 34% 118 +17
VO, (L'min™) 357+05" 352+056* 3.15+0.41* 1.91+0.22
HR (beats'min™) 170 + 107 171 £ 97 154 + 12*% 114 £ 10
fr (breaths'min™) 50 + 87 47 £ 9F 39 +5* 28+3
Rating of perceived exertion 179+09"  17.1+1f 141+ 1% 104 +1.2
Laend (mmol-L?) 127+247  11.4+29° 43+19 1.7+0.6
Motivation 7507 75+12 81x0.7 76+12

Values are mean + SD. VO2= oxygen uptake, HR=heart rate, fR=respiratory frequency, RPEend =
Final rating of perceived exertion, La-end = Post exercise blood lactate. Statistical significance is as
follows; TP<0.05 from 20- and 40-minute sub-max, max, #P< 0.05 from 40-min sub-max,  P<0.05

from 20-min max.
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Table 3-2 Physiological, perceptual, and mechanical values for the baseline 5-minute TT and
the 5-minute TT that followed each initial exercise bout

5-min TT following initial exercise bouts

Measurement Baseline 5-min 20-min max 20-min sub- 40-min sub-
max max max
Powe(:NC;“tp“t 351+47°1 289 +460 287 + 447 327 + 49 337 + 45
Cadence (rpm) 879 86+ 6 87+6 91+8 896
RPEeng 19.7£0.3 19.7£0.6 19.7+04 19.7+0.4 19.7+0.4
Laends (mmol-L?) 152+£25 142 +£3.0 12.3+£3.2 12.7+24 126+2.6
Motivation 8.5+ 0.6 75+0.7 75+1.2 75+1.1 79+09

Values are mean = SD. RPEend=Final Rating of Perceived Exertion, La-end=Post TT blood lactate.
Motivation was recorded immediately before the 5-min TT. Statistical significance is indicated as
follows; TP < 0.05 from 20 and 40-min sub-max, *P< 0.05 from 5-min and 20-min max, {P < 0.05

from 5-min max.
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Figure 3-3 Training load metrics for the initial exercise bouts: APD - Figure A, EE - Figure B,
TSSTM - Figure C, TWD - Figure D, NASA-TLX - Figure E, SRPE — Figure F, bTRIMP - Figure G,
and LUTRIMP — Figure H. See text for abbreviations. Values are mean + SEM. Significant pairwise
comparisons are shown as follows; *P< 0.05 from 5-min and 20-min max, P < 0.05 from 5-min
max, 8P < 0.05 from 20-min sub-max, TP < 0.05 from 20-min and 40-min sub-max, #P < 0.05 from

40-min sub-max, and pP< 0.05 from 20-min max.
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Figure 3-4 Power output for the initial exercise bouts (A) and the subsequent 5-min TT (B). Values
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Statistical significance is indicated as follows; (a) interaction of initial exercise bout by time (P <
0.05), (b) main effect of initial exercise bout (P < 0.05), (c) main effect of time (P < 0.05).

3.6 Discussion

The present study examined the APD that occurs following an initial bout of exercise, and
how manipulating TWD and TL by changing exercise intensity and duration affected subsequent
performance. The main findings of the present study were that an APD was observed after maximal
5-min, and 20-min TT’s, and after sub-maximal 20-min and 40-min initial exercise bouts when
compared to a baseline 5-min TT. There were significant differences in the APD that were found
following the initial exercise bouts, but some of these were not reflected by corresponding differences
in TWD or the calculated TL metrics. Another notable finding was that APD was similar following
the 5-min and 20-min maximal initial exercise bouts despite their substantial differences in TWD and
TL. These findings show that the TWD and related TL metrics (SRPE, bTRIMP, LUTRIMP, TSS) do
not reflect the APD observed. Consistent with the present study a recent case report found that total
elevation gain, rather than TWD or TSS, predicted performance on key mountain climbs for a Grand
Tour Champion (Van Erp et al. 2020). In the present study, the initial bout with the shortest duration
(5-min max) had a lower TWD and TL metric scores, but a greater APD when compared with the
longer sub-maximal bouts. These results underline the fact that TWD, and TL metrics do not reflect
the effect that dissimilar training sessions have on acute changes in performance. However, where
more similar sessions are compared, i.e. the 20-min and 40-min sessions, a more consistent pattern

in APD and TL metrics can be seen.

The importance of these findings is difficult to overstate because TWD is widely and
increasingly used as the means for matching exercise bouts of different intensity and duration (Seiler
et al. 2013; Stewart et al. 2016; Maclnnis et al. 2017). The present study findings suggests that this
practice of matching TWD when comparing different training sessions or programmes is not always

appropriate, and supports several researchers who have critiqued this practice (Seiler et al. 2013;
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Nicol6 et al. 2014; Nicolo and Girardi 2016). Previous studies have reported that different sessions
with the same TWD can result in substantial differences in physical effort (Nicol6 et al. 2014; Nicolo
and Girardi 2016), and the present study uses the concept of an APD, to demonstrate that an initial
exercise bout with a lower TWD and TL can result in a greater APD. Furthermore, the time spent in
a given exercise-intensity domain does not appear to be well associated with the resulting APD. The
maximal bouts showed large differences in the total time spent above VT (i.e. 4.9 min vs. 19.3 min),
but a similar APD; while the sub-maximal bouts were most of the time situated in different exercise-
intensity domains (i.e. 11.3 min above VT, vs. 35.5 min below VT;), but showed no significant

differences in APD.

In the present study APD was quantified as the percentage change in 5-min TT performance
from a baseline (with no preceding exercise). For the 5-min TT we were careful to familiarize
participants, and to use the same protocol that has been shown to be sensitive to changes following
prolonged moderate-intensity exercise (Passfield and Doust 2000). Self-paced trials performed after
different initial exercise bouts can be influenced by uncontrolled variations in pacing and motivation,
and so these factors were carefully considered for the present study. We attempted to standardize the
influence of pacing by setting the work rate for the first 15-s of every 5-min TT. Figure 3.4 suggests
this approach was successful as it shows similar pacing strategies in the power output profiles of each
of the 5-min TT’s. Motivation was similar before the four initial exercise bouts, but was lower after
the 5-min TT initial exercise bout. Despite the difference in reported motivation for this one trial,
similar values for RPE and fr were observed across all 5-min TT’s, suggesting this did not prevent
participants from producing their maximal effort. Furthermore, a similar physical effort was seen
across all 5-min TT’s performed to measure APD, with the exception of the one following 40-min
sub-max, where lower RPE and fr were values were observed. Nevertheless, the time course of power
output, RPE and fr suggests that the 5-min TT’s were performed to a generally high level of

consistency.
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As discussed previously, Banister et al. (1975) anticipated an APD, which they called
“fatigue”, in response to individual training sessions, although they did not try to measure it directly,
rather they modelled its long-term effects. In the present study we examine only the short-term
implications by systematically manipulating exercise intensity and duration in order to change TL
and evaluate its corresponding effects on APD. In agreement with previous studies TWD and TL
were strongly associated (Wallace et al. 2014a; van Erp et al. 2019a), but correspondence between
these variables and APD was not found. One possible reason for this finding is that the APD is itself
misleading. This seems unlikely as a decrement in performance following an initial exercise bout has
been variously reported by different laboratories, and was an implicit part of Banister’s original
model. Moreover, as reported here APD has been shown to be sensitive to variations in exercise
intensity and duration (Passfield and Doust 2000; lannetta et al. 2018; Clark et al. 2018), and to
specific experimental interventions (Amann 2011). In contrast to APD however, theoretical concerns
with the use of TWD and TL have been highlighted by ourselves and others previously (Seiler et al.
2013; Nicolé et al. 2014; Nicolo and Girardi 2016). It has been suggested that equating exercise bouts
of different intensity and duration on the basis of their TWD or related TL metrics is flawed because
multiplying exercise intensity and duration does not yield comparable levels of stress or overall effort.
This issue is likely compounded if a linear exercise intensity weighting is used as with Lucias’s
TRIMP, but even when intensity is weighted non-linearly, as with bTRIMP or TSS, good agreement
with APD was not found in the present study. Indeed, when the aim is to equate different exercise
bouts for overall effort, it appears that a greater TWD is needed for longer, lower intensity exercise
bouts, compared with shorter higher intensity ones (Nicolo et al. 2016b, a). Likewise, continuous and
intermittent exercise bouts with a similar overall effort result in different values of TWD (Nicol¢ et
al. 2014). Based on the observation that the 5- and 20-min TT’s elicited a similar APD, but very
different TWD and TL values, we suggest that the confounding variable in these calculations is the

exercise duration. Future research is required to determine whether re-weighting the contribution of
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exercise duration in the calculation of TL may result in values that are more consistent with the

observed APD.

Interestingly, the NASA-TLX was found to be correspond with APD in contrast to the more
commonplace TL metrics. Similar values of NASA-TLX were found after 5-min max and 20-min
max and were consistent with the observed APD. NASA-TLX is a common measure of overall
workload experienced when performing tasks, and takes into account the responses from six different
subcategories (Hart 2012). However, its use is not common in the field of sport. Our findings may
indicate that NASA-TLX could be a useful instrument to consider alongside the more widely used
measures of TL. Further studies are required to evaluate the association between NASA-TLX and

APD, and the potential benefits of adopting this instrument for monitoring training.

3.6.1 Limitations and Future Research

We suggest that the findings of the present study should not be seen as argument to replace
TWD and related TL metrics with APD. Rather these findings should serve to highlight the
limitations of the metrics employed and stimulate the development of new approaches. Banister et al.
(1975) introduced the concept of TRIMP that today still underpins the TL concept, despite its
acknowledged inherent weaknesses (Busso and Thomas 2006). One of the challenges of Banister’s
approach to systems modelling was that it required repeated (daily) performance trials. In this regard
APD is little different and therefore would be more appropriately used as a way to develop new
metrics rather than adopted as a method in itself. We suggest that future research explores a wider
range of initial exercise bout durations and intensities to more completely reflect those employed by
athletes in their training. It will also be useful to determine whether it is possible to predict the APD
that arises from pre-specified exercise bouts and how it is affected by differences in athletes’ fitness

and exercise modality. A further limitation of this study is that we cannot determine the mechanisms
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that underpin the APD. Banister when introducing the TRIMP proposed that training sessions created
a fatigue effect - reflected as an APD. It is clear that there is much that is still unknown about how
fatigue may have limited performance in the present study and therefore we have avoided use of this
term and preferred APD instead (Enoka and Duchateau 2016). Lastly, the relatively small sample
size of our study does not exclude the possibility that subtle differences between the APDs between
the 20-min sub-max and the 40-min sub-max might be revealed with a larger sample size. The

confidence intervals observed appear to support this suggestion.

3.6.2 Practical applications

Our findings show that the popular methods of TWD and TL that are used for comparing
different exercise bouts do not reflect the APD observed, particularly where short, intense exercise is
involved. The large effect sizes observed reinforce this proposition. This finding has important
implications for training prescription, monitoring and periodization. As stated above, we are not
suggesting APD as an alternative measure of TL, but rather as a theoretical contribution to the
development of new TL metrics. However, if future research were to find that it is possible to model
the APD arising from specified exercise bouts, this may allow the use of APD to extend from the
theoretical to more practical realms. At present, our findings indicate that TWD and related TL
metrics, overestimate the stress of longer duration exercise bouts (by using duration as a multiplier).
Where colleagues, coaches and athletes use TWD or TL to evaluate training sessions of different
exercise intensity and duration they should be aware of the bias caused by using time as multiplier.
We also recommend that further consideration be given to the potential benefit of using the NASA-

TLX scale as an instrument for evaluating TL.

3.6.3 Conclusion
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A significant APD measured as a change in 5-min TT is observed after initial exercise bouts
of varying exercise intensity and duration. However, the APD found was not consistent with TWD
in the preceding exercise bout or its calculated TL. This finding supports previously expressed
theoretical concerns and suggests that the practice of matching training sessions or programs by TWD
or TL may be flawed. New methods for calculating TL are consequently required. Finally, this study
has identified the NASA-TLX instrument as an instrument worthy of further evaluation for

monitoring TL.
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Chapter 4: Continuous Versus Intermittent Running: Acute
Performance Decrement and Training Load

4.1 Aims and hypothesis

The aim of Chapter 4 is to extend the findings from Chapter 3 with the use of different training
sessions in a different exercise modality. Findings from the cycling study showed that an APD occurs
after different cycling training sessions, independently of how intense or lengthy they were.
Nevertheless, whether an APD will be found as assessed after running training sessions was
unknown. Therefore, Chapter 4 was designed to demonstrate that running training sessions of
different characteristics will result in an APD. Another aim for Chapter 4 is to investigate whether
APD and TL will come in agreement when training is prescribed in either a continuous or an
intermittent manner. Training sessions were either continuous (10CON, 25CON) or intermittent
(10INT, 25INT) and consisted of different exercise durations (10- and 25-min). Similarly to the
cycling study, the running sessions used will be consisted of different intensities and durations to
examine their effects on how TL metrics quantify training compared to APD responses. Based on the
findings from Chapter 3, it was hypothesized that an APD will be found after the running training

sessions. A dissociation between the APD responses and TL metrics was anticipated.
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4.2 Abstract

Purpose: To examine the effect of continuous (CON) and intermittent (INT) running training
sessions of different durations and intensities on subsequent performance and calculated training load

(TL).

Methods: Runners (n=11) performed a 1500m time-trial (1500m TT) as a baseline, and after
completing 4 different running training sessions. The training sessions were performed in a
randomized order, and were either maximal for 10 minutes (10CON, 10INT) or sub-maximal for 25
minutes (25CON, 25INT). An acute performance decrement (APD) was calculated as the percentage
change in 1500m TT speed measured after training compared with baseline. The pattern of APD
response was compared to that for several TL metrics (0 TRIMP, eTRIMP, iTRIMP, rTSS and sRPE)

for the respective training sessions.

Results: Average speed (P<0.001; 7,2 =0.924) was different for each of the initial training sessions
which all resulted in a significant APD. This APD was similar when compared across the sessions,
except for a greater APD found after 20INT vs 25CON (P=0.02). In contrast, most TL metrics were
different and showed the opposite response to APD, being higher for CON vs. INT, and lower for 10

vs. 25 min sessions (P<0.001; 7,2 =0.563).

Conclusion: An APD was observed consistently after running training sessions but it was not
consistent with most of the calculated TL metrics. The lack of agreement found between APD and
TL suggests that current methods for quantifying TL are flawed when used to compare CON and INT

running training sessions of different durations and intensities.
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4.3 Introduction

Training is frequently quantified by its load (TL), a metric that is a function of exercise intensity
and duration, and assumed to reflect the stress of a given session or sessions (Bourdon et al. 2017).
In running (Manzi et al. 2009b; Wallace et al. 2014a) and team-sports (Impellizzeri et al. 2004;
Akubat et al. 2012; Manzi et al. 2013) research has tended to focus upon the influence of TL on the
development of fitness over the longer term involving multiple training sessions. Interest in
evaluating TL has grown in recent years, notably driven by interest in injury prevention (Bourdon et
al. 2017) and wearable technology development (Emig and Peltonen 2020). For example, data from
wearables enabled a recent study where the TLs for 1.6 million training sessions were quantified in
order to gain insight into optimal training strategies (Emig and Peltonen 2020). However, some
studies have shown that the relationship between TL and performance is not straight forward (Taylor
etal. 2017; Van Erp et al. 2020; Vermeire et al. 2021). This may be because relatively little attention
has been given to validating how TL is derived from the intensity and duration of individual training

sessions (Kesisoglou et al. 2021b), before TL is summed across multiple sessions.

Most TL metrics are based on the concept suggested initially by Banister et al. (1975) that
training results in short and long term changes in performance that are dictated by the accumulation
of both fatigue and fitness. Banister et al. (1975) derived the training impulse (TRIMP), a function
of training intensity and duration, as a means of quantifying training sessions. The TRIMP was used
as a TL metric to model how training altered athletes’ fatigue and fitness status, and thus changes in
their performance. In order to validate the underpinning concepts of TL we measured the acute
performance decrement (APD) that results from a single cycling training session (Kesisoglou et al.
2021Db). Given how TL is conceptualized, the size of a session’s TL should be reflected in a
corresponding APD. However, no agreement between the APD and typical TL metrics for that
session were found. The largest difference in TL was found when comparing a short intense, maximal

5-min session with a longer 20-min one, yet the APD after both sessions was similar. These findings

73



indicate that the current basis for calculating TL for cycling sessions is flawed and this could explain
why the relationship between TL and performance is not straightforward. However, whether an APD
occurs and is consistent with changes in TL following other modes of exercise, such as running,

remains to be determined.

The prescription of intermittent (INT) training by perceived exertion rather than using relative
exercise intensity is becoming increasingly popular due its simplicity, and its potentially greater
benefits compared with continuous exercise (CON) (Buchheit and Laursen 2013a). The process of
INT training prescription varies according to the work interval, its exertion rating, duration, and
recovery prescribed (Buchheit and Laursen 2013a). Runners and team sport players in particular,
often employ INT methods in their training. The CON and INT sessions can be compared by
matching for work (Gibala et al. 2012) or effort and duration (iso-effort, iso-time) (Seiler et al. 2013;
Nicol6 et al. 2014). When two training sessions (CON vs. INT) were compared after matching for
effort and duration, substantial differences in total work, oxygen uptake and blood lactate were
reported (Seiler et al. 2013; Nicold et al. 2014). A greater understanding of the comparative effects
of iso-effort, iso-time CON and INT sessions may be provided by evaluating their TL and resulting

APD but to our knowledge these have not been assessed together.

The present study was designed to evaluate the influence of iso-effort, iso-time CON and INT
running training sessions of different durations on several TL metrics and subsequent APD.
Specifically, we manipulated TL in different CON and INT sessions to evaluate whether the APD
reflected these changes. Based on our previous research, we hypothesized that an APD would be
observed after running sessions, but that differences in APD between sessions would contradict those

for the respective TL metrics.
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4.4 Methods

4.4.1 Participants

The participants (see Figure. 4) in this study were 10 male and 1 female (mean + SEM; age: 25
* 2 years, height: 1.77 £ 0.1 m, weight: 67.3 £ 2.5 kg), well-trained runners. Participants had at least
3 years’ experience of competing in events ranging from 800m to half-marathon; they trained >8
hours/ week and had personal best times for 1500m of 266 = 8 s. All participants gave written
informed consent to take part in this study which was approved by the ethics committee of the

University of Kent in compliance with the Declaration of Helsinki.

Recruitment of participants
(males/females of at least 3
years” experience of competing
in events ranging from 800m to
half-marathon; they trained >8
hours/ week )

Well-trained runners from Well-trained runners fromlocal
university running clubs

!

12 male and female well-
trained runners

Dropouts
1 dropout unrelated to the
experimental study

11 male and female well-
trained runners

Figure 4-1 Flow chart of recruitment process and dropouts
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4.4.2 Experimental Overview

Using a randomized, crossover, within-subjects design, over a 4 week period, participants
completed 5 test-sessions following preliminary laboratory testing (see Figure 4.2). All sessions were
separated by at least 48 hours. The 5 randomized test-sessions consisted of a baseline 1500m time-
trial (1500m TT), and four experimental training sessions followed by a 1500m TT. All training
sessions were completed at the same time of the day with participants fully rested and hydrated,
having consumed a light meal 3 h before and having refrained from alcohol and caffeine consumption

and vigorous exercise for 2 hours previously.

76



Preliminary visit

Incremental test

Visit 1

e

Experimental visits

Experimental training sessions

Performance assessment

*
Visit 2
*
Visit 3
*
Visit 4
*
Visit 5

*
Visit 6

10CON
rTTTT I
10INT |
_____ -
25CON
r—-r————=—""—"—"———=— A
25INT

5-min recovery
—>

5-min recovery
—

5-min recovery
>

5-min recovery
—>

1500-m
TT

1500-m
TT

1500-m
T

1500-m
TT

1500-m
T

Figure 4-2 Diagram of the experimental design. Visit 1 is for preliminary testing. The baseline,
10CON, 10INT, 25CON and 25INT visits are the experimental training sessions (open boxes)
performed in randomized order” and the 1500 TT’s (filled boxes) evaluate APD.
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4.4.3 Preliminary Laboratory Testing

Participants performed a two-phase incremental test on an indoor treadmill (Woodway ELG,
Woodway GmbH, Germany) to determine individual blood lactate concentration (La’) profiles, and
then maximum heart rate (HRmax), peak treadmill velocity (PTV), and associated VOzmax (Manzi et
al. 2009b). The first phase consisted of 4 min stages, interspersed with 1 min rest, starting at an initial
running speed of 10 km-h* and increasing by 1 km-h' each stage. The second test phase began when
blood lactate concentrations (La’) reached 4 mmol/l, whereupon running speed was increased
continuously by 0.5 km-h* every 30-seconds until exhaustion. Thumb-prick La  samples were
collected and analyzed (Biosen C-Line analyzer, EKF diagnostics, Wales) during the 1 min rest
periods in phase one, and immediately on completing phase two. Expired gases were measured using
a breath-by-breath open-circuit indirect calorimetry system (Oxycon Pro, Erich Jaeger, Germany),
calibrated according to the manufacturer’s instructions prior to each use. The participants” HRmax and
PTV were recorded as the highest observed values and VOamax Was calculated as the highest 30-

second average.

4.4.4 Experimental Training Sessions

The 5 experimental sessions were conducted on an outdoor synthetic athletics track. The 4
experimental training sessions consisting of CON or INT running for 10 or 25 min (i.e. 10CON,
10INT, 25CON, 25INT) as shown in Figure 4.2. The CON and INT training sessions were matched
for overall effort using the CR-10 scale (Borg 1982), and prescribed as maximal (10/10) for both 10
min sessions, and submaximal (6/10) for both 25 min sessions. The two INT training sessions
consisted of 150m efforts performed once per minute, with the passive recovery lasting for the
remainder of each minute. Participants self-paced their efforts, and no feedback was provided during
or between training sessions. On completing the experimental training sessions participants had 5

min of passive recovery, before performing a 1500m TT.
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Timing during all training sessions and 1500m TT’s time was performed manually with a
stopwatch. Speed and heart rate were measured second-by-second using a GPS wristwatch and a
Bluetooth connected foot pod, (Polar Oy, Polar Electro, Kempele, Finland). The wind speed was
assessed with a digital anemometer (Protmex, MS6252A) for all experimental sessions which were
only performed if it was below 2 m-sec™. Prior to all experimental sessions, HRes: was measured for
3 min, seated in a quiet environment before participants undertook a standardized self-paced 3-lap

warm-up and dynamic stretching routine.

445 Measurements

The APD for each experimental training session was calculated as the percentage change in
1500m TT speed, i.e. APD = (P1-P2)/P1+100, where P1 is the baseline 1500m TT speed and P2 is
the 1500m TT speed recorded after the training session. Note that the APD is calculated as a positive
percentage change to facilitate comparison with the corresponding TL metrics for the session. More

information about APD can be found in Chapter 2.8.

The participants’ RPE (scale 6-20) was recorded at 300m, 700m, 1100m, and 1500m during
each 1500m TT and every 2 minutes throughout the experimental training sessions (Borg 1982). The
National Aeronautics and Space Administration Task Load Index (NASA-TLX) rating scale (Hart
and Staveland 1988) was used to assess TL immediately on completion of the experimental training
sessions by summating the scores from its 6 sub-categories (Hart 2012). Motivation was assessed
prior to experimental training sessions and 1500m TT’s (Lurquin et al. 2016). Participants were

familiarized with all scales during their laboratory visit.

The TL metrics were calculated using 3 different TRIMP formulae (bTRIMP, iTRIMP and
eTRIMP), session RPE (SRPE) (Foster et al. 2001) and a running training stress score (rTSS). The

bTRIMP (Bannister 1991) was calculated from HR using a weighting factor according to the formula:
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bTRIMP = duration training (minutes) - AHR - y, where AHR = (HRex - HRrest) / (HRmax - HRvest),
where y represents a classic increase in blood lactate of 0.64e!° for males and 0.84e6™ for females.
The iTRIMP (Manzi et al. 2009b) was calculated using individualized weighting factors (yi) for each
participant using their phase 1 laboratory test data (Manzi et al. 2009b). The eTRIMP (Edwards 1993)
was calculated from the time spent in five pre-defined HR zones (Bannister 1991) multiplied by
arbitrary zone-based weighting factors. The sRPE was collected immediately after the training
session using the CR-10 scale (Borg 1982) and multiplied by training duration (sRPE;) (Foster et al.
2001) and excluding recovery (SRPEwr) (Wallace et al. 2014b). The running training stress score
(rTSS) was calculated as previously described (Skiba 2006; McGregor et al. 2009) with functional
threshold pace being assumed to be 88% of 20CON (van Djik and van Megen 2017). The TL metrics
were also normalized by dividing them by the training session duration in order to remove the

influence of duration and evaluate intensity separately.

4.4.6 Statistical Analysis

An a priori statistical analysis was performed using G*Power (version 3.1.9.2; Kiel
University, Kiel, Germany). Expecting a large effect size for the effect of exercise intensity
manipulation on APD. A sample size of 10 was required based on 1-# = 0.80 and a = 0.05. 12

participants were recruited to account for potential dropping out.

Statistical analysis was conducted using IBM SPSS Statistics 25 (SPSS Inc., Chicago, IL, ISA).
Following a Kolmogorov-Smirnov test to check data for normality, where appropriate a one-way
repeated measures ANOVA with Bonferroni post-hoc test was performed to compare mean values
for the experimental training sessions, including the TL metrics, and the APD. Some TL metrics were
not normally distributed (SRPE, eTRIMP, iTRIMP) and these were evaluated with the non-parametric

Friedman and Bonferroni post-hoc test instead. Two-way repeated measures ANOVA (session X
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time) was used to compare the responses of variables (speed, HR, and RPE) during both the
experimental training sessions and the 1500m TT’s. Where the sphericity assumption was violated,
the Greenhouse-Geisser correction was used. Effect sizes were calculated as partial eta squared (#,?)
and small, medium, and large effects were taken as 7,2 > 0.01, 5,> > 0.059, and 7,2 > 0.138
respectively (Cohen 1988). Statistical significance was accepted where P < 0.05 was found. All

results are presented as mean £ SEM.

4.5 Results

45.1 Incremental Test

VOgzpeak and PTV from the incremental test were 4.63 + 0.22 L min™ (68.8 + 2.7 ml kg™ min™) and

19.7 + 0.5 km-h, whilst HRmax and La were 188 + 3 bpm and 12.6 + 1.3 mmol/L respectively.
4.5.2 Experimental Training Sessions

Total distance covered in each session was 2914 + 77, 1500, 6316 + 193 and 3750 m for 10CON,
10INT, 25CON and 25INT, respectively. Technical problems meant HR analysis not performed for
1 participant. When comparing 10CON and 10INT a main effect of time was found for HR and RPE
(P<0.001; #,* >0.898) but not speed (P=0.306; 7,2 =0.107). A main effect for session was found for
speed and HR (P<0.001; #p? >0.898) but not RPE (P=0.499; 7,? =0.047). A significant interaction
was found only for HR (P<0.001; #,> =0.463). When comparing 25CON and 25INT, a main effect
of time was observed for all variables (P<0.001; 5,> >0.829), and a main effect of session was found
for speed (P<0.001; ,> =0.87), but not HR or RPE. A significant interaction was found for speed and

HR (P<0.042; 5% >0.248), but not for RPE (see Figure 4.3).

Table 4.1 shows average speed was different between all the 4 training sessions (P<0.001; 7,2

=0.924), %PTV (P<0.001; 7,2 =0.92), as was HRmean (P<0.001; 5,2 =0.657), and RPEena (P<0.001;
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np? =0.917), but motivation was similar (P=0.585; 7,2 =0.062). A difference between sessions was
found for all TL metrics, SRPE; (P<0.001), SRPE.r (P<0.001), rTSS (P<0.001; ,> =0.882), bTRIMP
(P<0.001; 5,2 =0.781), eTRIMP (P<0.001), iTRIMP (P=0.001), and NASA-TLX (P<0.001; ;2
=0.74) and are shown in Figure 4.4. Bonferroni post-hoc testing revealed between-session differences
for TL metrics as shown in Figures 4.4 and 4.5. Differences in the opposite direction were found
when the TL metrics were normalized, SRPE (P<0.001), bTRIMP (P<0.001; #,* =0.662), eTRIMP
(P<0.001), iTRIMP (P<0.001) and rTSS (P<0.001; 5,*> =0.799) and are shown in Figure 4.5. Figure
4.6 presents speed and HR for the 4 training sessions (A and C), and example minute periods (B and

D).

45.3 The 1500m TT’s

An APD was observed after all experimental training sessions (P<0.001; 5> =0.454; = 0.984).
Bonferroni post-hoc testing found no differences in the size of APD except for 10INT vs. 25CON (P
= 0.02; see Figure 4.4). For the APDs after the training sessions, the 95% Confidence intervals (ClI)
were calculated for the 10CON [4.9, 8.9], the 10INT [5.3, 10.1], the 25CON [2.4, 4.8] and 25INT
[2.9, 5.7]. Table 4.2 presents the measurements during the 1500m TT’s. A main effect of time was
observed for all variables measured during the 1500m TT’s; speed (P=0.01, #p? =0.429), HR
(P<0.001, 7,2 =0.956), and RPE (P=0.001, 7,2 =0.869). A main effect of session was found for speed
(P<0.001, 5,2 =0.662), and RPE (P=0.05, 5,2 =0.227) but not for HR (P=0.2, 7,2 =0.148). A
significant interaction was observed for speed (P=0.03, 5,%> =0.229), but not for HR (P=0.16) or RPE
(P=0.601), see Figure 4.3. No difference was observed in motivation before the 1500m TT’s, except

for baseline vs. 10CON (P=0.01) and 25CON (P=0.02).
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Table 4-1 Physiological and perceptual responses to the training sessions.

10CON 10INT 25CON 25INT
Speed (km/h) 175+15"" 221+1.8" 15.2 + 1.68 188+ 1.7
%PTV 89+3.8"" 112 +5.6" 77 +5.18 9% +71
+ 8 + 108 + +
HRumean (bpm) 173+8 162 + 10 161 +12 154 + 13
Total Distance (m) 2914 + 255 1500 6316 + 639 3750
+1" +1" + +
RPE e 17+1 17+1 13+1 13+1
+1" +1" + +
RPE e 19+1 19+1 15+1 15+1
L 71+11 75+12 7.6+0.8 75+0.8
Motivation

Values are mean + SD. Speed= Average speed, %PTV= Average speed expressed as a percentage of
peak treadmill velocity, HR= Average heart rate, RPEmean = Average rating of perceived exertion,

PREge= Final rating of perceived exertion. Statistical significance: “P<0.05 from 25CON and
25INT, 'P<0.05 from 10INT, %P< 0.05 from 25INT.
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Table 4-2 Physiological and perceptual responses to the 1500m TT’s performed after each

training session and at baseline.

Baseline

10CON 10INT 25CON 25INT
Speed (km/h) 194+14 18.1+1.72 18 +1.8%% 18.7 £ 1.5° 18.6 £1.6%
%PTV 98.2+3.3 91.9+3.9? 91.2 +3# 94.7+2.8° 94.2 + 42
HRmean (bpm) 173+ 7 174+ 9 172 +7 174+ 8 172+ 9
+ + + + +
RPE car 18+1 18+1 18+1 175+1 178+1
+ + + + +
RPE e 19+1 19+1 19+1 19+1 19+ 1
Motivation 8.2+ 0.6>" 711 74+12 73+11 7.7+0.9

Values are mean + SD. Speed= Average speed, %PTV = Average speed expressed as a percentage
of peak treadmill velocity, HR= Average heart rate, RPEmean = Average rating of perceived exertion,
RPE.a= Final rating of perceived exertion. Motivation was assessed prior to the 1500m performance
trial. Statistical significance: #P<0.05 from baseline, °PP<0.05 from 10CON, “P<0.05 from 25CON.
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Figure 4-3 The left panels show responses to the experimental training sessions and the right hand
panels show responses to the subsequent 1500 TT’s. Individual plots are for Speed (A and B), HR (C
and D), RPE (E and F). See text for abbreviations. baseline (filled squares), 10CON (filled circles),
10INT (open circles), 25CON (filled triangles), 25INT (open triangles). Values are mean + SEM.
Statistical significance is indicated as follows; ® interaction of condition by time (P < 0.05), ) main
effect of condition (P < 0.05), " main effect of time (P < 0.05).
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4.6 Discussion

This study examined the APD that results from running training sessions, and the effects of iso-
effort CON and INT sessions. The main finding of the study was that an APD measured as a change
in 1500m TT speed, was found after all training sessions regardless of their duration or intensity. The
magnitude of this APD, was similar for all sessions, except when comparing 10INT with 25CON,
where the shorter session resulted in a larger APD. Contradicting the APD response, the session TL
metrics were significantly smaller for the shorter sessions when compared with the longer ones
(Figure 4.3). Furthermore, whilst APD was not different when comparing CON and INT trials of the
same duration, most of the TL metrics were significantly lower for the INT sessions. As can be seen
in Figure 4.3, the APD showed the opposite pattern of response to its corresponding TL metrics, with
the exception of the NASA-TLX responses, which broadly followed the same pattern as the APD.
The large effect sizes observed reinforce the dissociation between APD values and TL metrics. When
TL metrics were normalized for session duration however, their pattern of response reversed and was

seen to be much more consistent with that of APD.

The disagreement observed between APD and TL metrics questions the usefulness of TL metrics
for comparing dissimilar training sessions. These findings are consistent with our previous study of
continuous cycling bouts (Kesisoglou et al. 2021b), and extends these observations to situations
involving running and CON vs. INT exercise. Previously, we observed a higher APD and lower TL
metrics following 5 min maximal cycling compared with 20 and 40 min submaximal bouts. In the
present study we found that comparing iso-effort CON and INT exercise highlighted further
discrepancies between APD and TL. Typically, TL was lower for INT than CON whilst APD was
not different. Previous studies (Nicol6 et al. 2014; Nicolo et al. 2017, 2019) have shown that
differently structured iso-time and iso-effort bouts require similar levels of effort. These findings are
consistent with the APD response observed in the present study, and further support the use of the

iso-effort method for prescribing exercise (Figure 4.2:E). The findings from the present study
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reinforce our previously expressed concerns on the shortcomings of using TL to compare training
sessions of different intensity and duration and highlight further problems with using TL for INT

activities.

The HR-based TL metrics (0TRIMP, eTRIMP, iTRIMP) had lower values for 10INT compared
to 10CON training sessions (Figure 3). This is probably attributable to the delay in HR response that
is most noticeable at the onset and offset of exercise (Figure 4.5). This effect is well-documented for
INT activities in football (Nicolo et al. 2019) and cycling (Nicolo et al. 2014, 2017) and here we
repeat those findings for INT running sessions. Table 4.1 summarizes the training session data which
indicates that the APD’s were not proportional to running speed, total distance, session duration or
HR but were associated with differences in prescribed exercise intensity. Similar to the findings of

our previous study, iso-effort sessions, although different in nature, resulted in similar APD’s.

It seems unlikely that issues with the measurement of APD are responsible for its divergence
from TL metrics, although the effect of pacing on performance is well known (Jones 2002). Previous
studies have used maximum effort TT’s effectively to evaluate changes in performance (Passfield
and Doust 2000; Currell and Jeukendrup 2013) and over similar distances (Wallace et al. 2014a).
Nonetheless, given the field nature of this study, we carefully monitored factors such as pacing and
motivation. All participants were experienced middle-distance runners used to running this distance,
and they were instructed to follow strictly the same pacing strategy for all their 1500m TT’s. Figure
4.2B suggests that this approach was successful, as similar shaped pacing profiles can be seen for all
1500m TT’s. Motivation was similar for most 1500m TT’s after the training sessions, except when
the baseline was compared with 2Z0CON (P=0.012) and 25CON (P=0.016). Moreover, similar values
were observed during all 1500m TT’s for RPEmeas, RPEend and HRmean, Which suggests that
differences in motivation did not prevent participants from reproducing their maximum effort in all

trials. Additionally, the similar time-course for changes in HR, and RPE shown in Figure 4.2:B, also
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suggest that the 1500 TT’s were performed to a high level of consistency and therefore changes in

APD reflect the impact of the prior training session rather than poor 1500m TT execution.

The reason for the contradiction between APD and TL may be related to the way in which
exercise duration is incorporated into the TL metrics as a multiplier. Given that the present study
used an RPE based prescription that appears to have been applied effectively, it may appear surprising
that the SRPE was not consistent with the resulting APD. Most TL metrics, including sRPE, quantify
TL based on the model proposed initially by Bannister et al. (1975) multiplying the exercise intensity
component (e.g. HR, speed or RPE) by its duration. But it is notable that the APD’s observed in the
current study were independent of changes in exercise duration. As a RPE scale was used both for
prescription (Borg 1982) and to calculate the SRPE (Foster et al. 2001), it seems more likely that it is
the use of duration as a multiplier that leads to discrepancies between the resulting APD and TL. This
suggestion is reinforced when the TL metrics are evaluated after normalizing them for the training
session duration to remove its influence (Figure 4.4). Once normalized the TL metrics show the
opposite response and are much more consistent with the changes in APD, especially sRPE. This
finding is consistent with that of Weaving et al. (2020) who concluded that duration was the main
contributor to the TL variance observed for rugby players over an extended period of time. Notably,
in the present study the NASA-TLX was the only metric that tracked APD reasonably, reinforcing
the findings of our previous study (Kesisoglou et al. 2021b). The NASA-TLX does not use exercise
duration as a multiplier, instead aggregating scores across six different subscales (Mental Demand,
Physical Demand, Temporal Demand, Performance, Effort, Frustration). Thus, we suggest that the
stress imposed by a training session may be better represented by weighting the importance of its

duration and intensity separately.

4.6.1 Study Limitations
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The field-based nature of this study poses some specific limitations. Due to the nature of the
study it is not possible to comment on the potential mechanisms underpinning the APD. Bannister et
al. (1975) when first introducing the TRIMP noted training sessions create a fatigue effect, quantified
in the present study as an APD. As the etiology of the decrement in 1500m TT performance trials is
unknown, we have avoided use of the term fatigue and referred to an APD instead. Indeed, we
speculate that the etiology of the APD will likely vary according to the characteristics of the training
session. Consequently, the APD measured directly after the session may not be proportional to the
recovery time course, nor the overall stimulus for adaptation. Further studies are required to
determine how the magnitude of APD varies in response to different sessions, and whether it
corresponds to the recovery duration and resulting longer-term adaptations. A further limitation was
that because most data collection occurred on an outdoor athletics track, differences in the weather
could have influenced the training sessions and subsequent 1500m TT performances. However,
environmental conditions and wind speed in particular were monitored for every session which was

postponed if wind speed was above 2 m-sec™.

In the present study, the conservative Bonferroni test for post-hoc analysis was adopted to find
differences in TL metrics whilst APD was similar. If a less conservative post-hoc test was adopted,
the APD’s for both 10-min sessions are found to be greater than those for both the 25-min sessions
which reinforces the observation as APD and TL metrics change in opposite directions. This is
confirmed by the confidence intervals observed. However, given the limited sample size of the
present study, the more conservative perspective was preferred. Further research may be needed to
examine a more diverse range of training sessions reflecting those typically adopted by athletes and

coaches (Buchheit and Laursen 2013a; Nicold et al. 2014).

4.6.2 Practical applications
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Our findings have important implications for comparing training sessions and quantifying INT-
based sessions using HR-based TL metrics in particular. Collectively, current TL metrics
overestimate the stress imposed by longer running training sessions, independently of whether they
are prescribed as CON or INT. Despite different methods implemented for computing TL, such as
non-linear (bTRIMP, rTSS), zone-based (€TRIMP) or individualized (iTRIMP), the TL metrics
changed in a contradictory manner to APD. In contrast, TL metrics normalized for session duration
were reversed in response and much more consistent with APD. When coaches and athletes use TL
metrics to evaluate training sessions of varying exercise duration, they should be aware of the
potential bias caused by using session duration as a multiplier and consider the influence of duration

and intensity separately.

The use of effort-based methods was effective for the purposes of training session prescription
for well-trained middle-distance runners as it resulted in an APD following every session.
Importantly, APD is not suggested as a replacement for current methods of TL quantification, rather
as an objective and theoretical contribution towards the development of new approaches. In this
regard, future research could explore the use of NASA-TLX as the APD’s found in the present study
showed good agreement with these ratings. This finding is consistent with the conclusions of a
systematic review on self-report measures (Saw et al. 2016), but the use of NASA-TLX has not been

examined thoroughly in a sporting context specifically.

4.6.3 Conclusion

A significant APD was observed as a decrease in 1500m TT performance following training
sessions of 10, and 25 min duration comprised of CON and INT running. The changes in APD
contradicted the TL metrics for the training sessions both for changes in exercise duration and when

performed as CON or INT running. These results suggest that current methods for quantifying TL
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may be flawed and new methods need to be developed. Lastly, the present study found NASA-TLX
was associated with APD and suggests its potential for evaluating training sessions may be worth

exploring further.
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Chapter 5: Acute Performance Decrement in Running: Effects of
Changes in Exercise Duration.

5.1 Aims and hypothesis

The aim of Chapter 5 is to extend the findings from Chapters 3 and 4. Similarly to Chapter 4,
Chapter 5 is based on running performance. Chapters 3 and 4 showed that APD and TL did not agree
as they assessed after various intensities and durations. These descrepancies raised question on the
effectiveness of TL metrics when it comes to comparing training sessions with dissimilar training
characteristics. Importantly, these Chapters also showed that exercise duration and how it is currently
incorporated within the TL metrics seem to be the main reason for the discrepancies observed.
Chapters 3 and 4 provided evidence that current TL metrics overestimate the importance of exercise
duration over exercise intensity. Therefore, Chapter 5 aims to provide a systematic quantification of
such an overestimation. Specifically, in Chapter 5, 4 different running training sessions consisted of
2 different intensities and durations will be used (10MIN5, 10MIN8, 40MIN5, 40MINB8). Similarly
to Chapter 4, the running training sessions were prescribed via perceived exertion. This design will
provide information on the relative contribution of intensity and duration on APD. Based on the
above and the findings from Chapters 3 and 4, it is hypothesized that the effect of the changes in

intensity and duration on APD will not agree with TL metrics changes.
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5.2 Abstract

Purpose: To examine the effects of running training consisting of two different intensities and
durations on the resulting acute performance decrement (APD) and corresponding session training

load (TL) metrics.

Methods: Twelve trained runners performed a 1500m time-trial (TT) as a baseline performance, and
after completing 4 different running training sessions. The training sessions were performed in a
random order and consisted of two different exercise intensities (RPE of 5 and 8) and durations (10
min and 40 min). The APD was calculated as the percentage change in 1500m TT performance speed
from baseline when measured after the training session. These differences in APD for each session

were compared with their TL metrics.

Results: The training sessions lasting 40 min showed greater TL scores compared to those of 10 min
(P<0.001; n,2 >0.781). These results were in contrast to the APD for the 10 min at RPE 8 and 40 min
at RPE 5 which were not different (P > 0.99). However, APD for all other comparisons were different

(P<0.05)

Conclusion: The APD response did not agree with TL when compared between sessions. The
exercise intensity and duration contributed differently to the development of APD and should not be

used as independent multipliers for TL quantification purposes.
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5.3 Introduction

Training load (TL) is a popular concept and its use in training prescription and for monitoring
whether athletes are adapting to their training programme is considered essential (Bourdon et al.
2017). Traditional TL metrics rely on gquantifying internal and external markers of exercise intensity
such heart rate (HR), blood lactate (La’), power output (PO), speed, and Rating of Perceived Exertion
(RPE), and presenting these as a function of training duration (Borresen and Lambert 2009). The use
of TL metrics was inspired by the original work of Banister et al. (1975). These authors proposed
that if the training impulse (TRIMPs) for training sessions were quantified, in arbitrary units, these
could be used to reflect the accumulation of fitness and fatigue and predict the changes in
performance that occur in response. In a later study Morton et al. (1990) demonstrated it was possible
to produce a statistically significant prediction of the changes in performance resulting from a 50-day
training programme. Notably however, Banister and colleagues never established the validity of
TRIMPs as a measure of TL. Subsequent studies that developed new TL metrics also assumed their
validity (Edwards 1993; Lucia et al. 2003) or used unvalidated criterion measures (Foster et al. 2001;
Wallace et al. 2014b). Two recent studies have compared the acute performance decrement (APD)
that occurs following a training session with a range of TL metrics and concluded that most metrics
do not seem to reflect the stress of the session (Kesisoglou et al. 2021b, a). The researchers speculated
that the reason for the disparity between APD and TL metrics was due in part to the way in which
session duration is incorporated into most metrics. Similar concerns regarding the role of duration in

the calculation of TL metrics have been expressed by other researchers too (Weaving et al. 2020).

Previous findings in running (Kesisoglou et al. 2021a) and cycling (Kesisoglou et al. 2021b)
suggested that exercise intensity and duration contribute differently to the development of APD. This
suggestion was also consistent with the findings of Fullerton et al. (2021). For example, Kesisoglou
et al. (2021b) found that maximal trials of 5 and 20 min showed a similar APD suggesting that the

training stress imposed by the sessions were similar. However, the TL metrics for these sessions
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suggested that the training stress was very different. Similarly in running greater APD’s were found
to be induced by shorter and maximal intensity training sessions, compared to longer in duration but
sub-maximal in intensity (Kesisoglou et al. 2021a). A possible explanation for these findings is that
the differences in exercise intensity between these sessions were of greater relative importance than
the differences in exercise duration. If this speculation is correct, the influence of exercise duration
varies according to exercise intensity and therefore should not be used as an independent multiplier
in the calculation of TL. While Fullerton et al. (2021) found that when cycling at an intensity
corresponding to maximal lactate steady state (MLSS), APD decreased linearly with increased in
exercise duration, they only examined the effect of changing exercise duration on APD at one
exercise intensity. Further insight into this important issue could be gained if the effects of changing
exercise intensity and duration are conducted at two different intensities. Therefore, the present study
examined the effect of two training session intensities and durations on the resulting APD and
corresponding TL metrics. We hypothesized that the effects of these changes in intensity and duration

on APD would not be reflected by their respective TL metrics.
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5.4 Methods

Trained runners (9 males, 3 females) (mean + SD: age: 26 + 8.7 years old, height: 174 + 8
cm, weight: 66 + 8 kg), volunteered to participate (Figure 5.1) in this study. Participants had at least
3 years of experience of competing in events ranging from 800m to a half marathon; they trained >8
hours/week and had personal best times for 1500m of 288 + 23 s. All participants gave written
informed consent to take part in this study which was approved by a local Ethics Committee in

compliance with the Declaration of Helsinki.

Recruitment of participants
(males/females of at least 3
years’ experience of competing
in events ranging from 800m to
half-marathon; they trained >8
hours/ week )

$ 1

Trained runners from local

Trained runners from university
running clubs

'

15 male and female well-
trained runners

Dropouts
3 dropouts due to heavy
training schedule and study
demands

12 male and female well-
trained runners

Figure 5-1 Flow chart of recruitment process and dropouts
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5.4.1 Experimental Overview

In a randomized, crossover within-subjects design, over a 4-week period, participants
completed 5 experimental conditions (see Figure 5.2). All conditions were separated by at least 48
hours. The 5 visits consisted of one baseline 1500m TT (1500m TT), and four experimental training
sessions followed by a 1500m TT. All training sessions were completed at the same time of the day
(x 2 hours) and participants were asked to attend each session fully rested and hydrated, having
consumed a light meal 3 h before, and to have refrained from alcohol, caffeine consumption, and

vigorous exercise for 24 hours before each session.
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Experimental visits

Experimental training sessions

Performance assessment

Visit 1

*
Visit 2

*
Visit 3

*
Visit 4

*
Visit §

10MINS

10MINS

40MINS

40MINS

5-min recovery
—>

5-min recovelg

5-min recovery
>

5-min recovery
——>

TT

Figure 5-2 The 10MIN5, 10MIN8, 40MIN5 and 40MINS are the training sessions (open boxes) and
the 1500m TT (filled boxes) used to evaluate the acute performance decrement.

101



5.4.2 Experimental Training Sessions

Participants completed all 5 visits on an outdoor synthetic athletics track. In addition to the
baseline 1500TT. The 4 experimental training sessions consisting of 2, 10 min training sessions,
while the other two lasted for 40 min, as shown below in Figure 5.1. Both 10 and 40 min training
sessions were performed at a prescribed intensity using the CR-10 scale (Borg 1982), of 5 (LOMINS,
40MINS respectively) and 8 (10MIN8, 40MINS respectively). As this was an exertion-based exercise
prescription, participants were responsible for their own pacing, and no feedback was provided during
the training sessions. On completing the experimental training sessions participants were allowed 5
min of passive recovery, before performing a maximum effort 1500m TT. Prior to all experimental
visits, participants undertook a standardized self-paced 3-lap warm-up followed by a standardized
dynamic stretching routine. Timing during all training sessions and 1500m TT’s time was performed
manually with a stopwatch. Speed and heart rate were measured second-by-second using a GPS wrist
watch and a Bluetooth connected foot pod, (Polar Oy, Polar Electro, Kempele, Finland). The wind
speed was assessed with a digital anemometer (Protmex, MS6252A) for all experimental sessions

which were only performed if it was below 2m-sec™.

5.4.3 Measurements

The APD for each experimental training session was calculated as the percentage change in
1500m TT speed as calculated in previous chapters (see Chapter 2.8). The APD is presented as a
positive percentage change to make comparison with the corresponding TL metrics for that session

easier.

RPE (scale 6-20) was measured at 300m, 700m, 1100m, and 1500m during every 1500m TT
and every 2 minutes during the experimental training sessions (Borg 1982). The National Aeronautics

and Space Administration Task Load Index (NASA-TLX) rating scale (Hart and Staveland 1988)

102



was used to assess subjective workload immediately after the completion of all experimental training
sessions. The NASA-TLX is composed of six subscales that were summed to provide an overall score
(Hart 2012). Motivation was assessed prior to all experimental training sessions and 1500m TT’s
using a 0 to 9 analogue scale (Lurquin et al. 2016). Participants were familiarized with all scales prior

visit 1.

TL metrics were calculated via using 2 different TRIMP formulae based on either HR or
RPE. The Bannister’s TRIMP (bTRIMP) (Bannister 1991) and Edward’s TRIMP (eTRIMP)
(Edwards 1993) were used as HR-based metrics and session RPE (Foster et al. 2001) (bTRIMP) as a
metric based on RPE. The bTRIMP (Bannister 1991) was calculated from HR using a weighting
factor according to the formula: bTRIMP = duration training (minutes) - AHR - y, where AHR =
(HRex - HRrest) / (HRmax - HRrest), Where y represents a classic increase in blood lactate of 0.64e9
for males and 0.84e'°™ for females. The iTRIMP (Manzi et al. 2009b) was calculated using
individualized weighting factors (y;) for each participant using their phase 1 laboratory test data
(Manzi et al. 2009b). The eTRIMP (Edwards 1993) was calculated from the time spent in five HR
zones that were pre-defined as percentages of HRmax and were multiplied by arbitrary zone-based
weighting factors. The sRPE used the participants’ scores collected immediately after the training
session using the CR-10 scale (Borg 1982) multiplied by training duration. All metrics (bTRIMP,
eTRIMP, sRPE) were also normalized by dividing the scores achieved for different metrics by the

training duration for each experimental running session.

5.4.4 Statistical Analysis

An a priori statistical analysis was performed using G*Power (version 3.1.9.2; Kiel

University, Kiel, Germany). Expecting a large effect size for the effect of exercise intensity and
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duration manipulation on APD. A sample size of 11 was required based on 1-5 = 0.80 and a = 0.05.

15 participants were recruited to account for potential dropping out.

Statistical analysis was conducted using IBM SPSS Statistics 25 (SPSS Inc., Chicago, IL,
ISA). A Shapiro-Wilk test to check data for normality and if data were not normally distributed, the
non-parametric Friedman and Wilcoxon signed rank tests were used instead. Following the
assessments for normality, a one-way repeated measures ANOVA with Bonferroni post-hoc tests
were performed to compare mean values for the experimental training sessions, for the TL metrics,
and the subsequent 1500m TT’s. Two-way repeated measures ANOVA (session intensity x duration)
was used to compare the responses of variables (speed, HR, and RPE) during the experimental
training sessions and the 1500 TT’s. Where the sphericity assumption was violated, the Greenhouse-
Geisser correction was used. Effect sizes were calculated as partial eta squared (#,2) and small,
medium, and large effects were taken as (#,?) > 0.01, (7,°) > 0.059, and (77p?) > 0.138 respectively
(Cohen 1988). Statistical significance was accepted where P < 0.05 was found. All results are

presented as mean + SEM in tables and figures.

5.5 Results

5.5.1 Training Sessions

The total distance for covered for each session was 2149 m + 136 m, 2639 m + 142 m, 9176

m £ 601 m, 9693 m £ 714 m for 10MIN5, 10MIN8, 40MIN5 and 40MINS, respectively.

Table 5.1 shows that average speed was different for all 4 training sessions performed (P<0.001; 7,2
=0742), as We” as HR (P<0001, 7’]p2 =0522), RPEmean (P<0001, 7]p2 :0845), RPEpeak (P<0001,
np> =0.856) and motivation (P=0.032; #,? =0.232). When comparisons were made for the bouts

lasting 10 min (LOMIN5 vs 10MIN8), a main effect of time was found for speed (P<0.001; 7,
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=0.684), HR (P=0.006; 7,2 =0.514) and RPE (P<0.001; ,> =0.91) (see Figure 5.3, panels A, C and
E). Similarly, an effect of session intensity was found for speed (P<0.001; 7,2 =0.44), HR (P<0.001;
np? =0.789) and RPE (P=0.01; #,2 =0.918). No significant interaction was found for speed, HR and
RPE (P>0.222; 5,® >0.126). When comparisons are performed between the bouts lasting 40 min
(40MIN5 vs 40MINS), an effect of duration was observed for speed (P=0.011; #,> =0.288), HR
(P=0.03; #p? =0.296) and RPE (P<0.001; 7,* =0.909). A main effect of session intensity was also
found for speed (P=0.035; 7,2 =0.343), HR (P=0.019; 5,* =0.405) and RPE (P<0.001; 7, =0.867).
No significant interaction was found for speed (P= 0.443; #,2 =0.076), HR (P=0.71; 5,* =0.296)

and RPE (P=0.71; 5,2 =0.031).

The TL metrics for each session are shown in Figure 5.4. An APD of 3.6%, 6.5%, 6.2% and
11.6% was found after the 10MIN5, 10MIN8, 40MIN5 and 40MINS, respectively. A difference
between 40 min and 10 min training sessions was found for b TRIMP (P<0.001; 7,2 =0.907), eTRIMP
(P<0.001; 7,2 =0.781), SRPE (P<0.001; 7,2 =0.991) and NASA (P<0.001; 5,2 =0.497). When TL
metrics were normalized for the duration of each training session, differences were found for
bTRIMP (P=0.004; #,> =0.523) but not for eTRIMP and sRPE (P=0.063; 5, =0.237). Bonferroni
post-hoc testing revealed between training session differences for bTRIMP, eTRIMP, NASA and
SRPE (Figure 5.4). Similar post-hoc testing was performed to identify between session differences

for normalized metrics (Figure 5.4).

5.5.2 The 1500-m TT’s

The data for the 1500m-TTs are presented in Figure 5.3 (B, D and F Panel) and Table 5.2 An
APD was found after all training sessions (P<0.001; #,> =0.62). Bonferroni post-hoc testing found

differences in the size of APD for all training sessions, except for 10MIN8 vs. 40MIN5 (P > 0.99;

105



see Figure 5.4). For the APDs after the training sessions, the 95% Confidence intervals (CI) were
calculated following the 10MINS5 [2.3, 4.9], the 10MINS8 [5.3, 7.8], the 40MIN5 [4.3, 8.2] and the
40MINS [8.9, 14.3]. A main effect of session duration was found for speed (P<0.001; 7,2 =0.44), HR
(P<0.001; #,* =0.886) and RPE (P<0.001; #,? =0.887) during the 1500-m TTs. A main effect of
session intensity was found for speed (P<0.001; 7,2 =0.78) and RPE (P=0.002; #,° =0.31), but not
for HR (P=0.675; 5> =0.051). A significant interaction was found for speed (P=0.001; #,* =0.355),

but not for HR (P=0.026; 5,2 =0.886) and RPE (P=0.071; 7,2 =0.166).
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Table 5-1 Physiological and perceptual responses to the training sessions.

10MIN5 10MIN8 40MIN5 40MIN8
Speed (km/h) 145+0.8% 16.1+02* 13.7+02* 145+03
+ Gi# + + +
HRmean (bpm) 157 +5 170+ 4 162 £ 4 170+ 4
Total Distance (m) 2419 + 39 2693 +41 9176+ 174 9693 + 206
+ I# + + # +
RPEmean 13+03 16 £0.3 12+ 0.4 15+ 0.3
+ I# + + # +
RPE peak 14+04 18+0.2 14+ 0.4 18 +0.2
— 7.1+0.2 7.0+0.2 6.7+0.3 6.3+0.3
Motivation

Values are mean + SEM. Speed= Average speed, HR= Average heart rate, RPEmean = Average rating
of perceived exertion, PREpe= Final rating of perceived exertion. Statistical significance: *P< 0.05
from 10MINS, 40MINS5 and 40MINS8, TP < 0.05 from 40MIN5 and 40MIN8, #P < 0.05 from
40MINS, 1P < 0.05 from 10MINS, 3P< 0.05 from 40MINS5, *P < 0.05 from 10MINS5.
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Table 5-2 Physiological and perceptual responses to the 1500m TT’s performed after each

training session and at baseline.

Baseline 10MIN5 10MIN8 40MIN5 40MIN8
Speed (km/h) 17.9+0.3*% 17.3+03"  168%04* 169+04  16.1+0.3
HRmean (bpm) 163 + 4.7 161+5.4 162 +5.1 162 + 4.3 167 + 3.7
RPE... 17+ 0.4 17 + 0.3 17+0.3 17+ 0.4 18+0.3
+ + + + +
RPE e 20+0.1 19+ 0.2 20+0.1 19+ 0.2 20+0.1
Motivation 74402 7.0%0.2 6.620.2 6.8%0.2 6.620.1

Values are mean + SEM. Speed= Average speed, HR= Average heart rate, RPEmean = Average rating
of perceived exertion, PREpea= Final rating of perceived exertion. Statistical significance: *P< 0.05
from 10MINS, 40MINS5 and 40MINS8, TP < 0.05 from 40MIN5 and 40MINS8, #P < 0.05 from

40MINS, +P < 0.05 from 10MIN8, 5P< 0.05 from 40MIN5, *P < 0.05 from 10MIN5
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Figure 5-3 The left-hand panels show responses to the training sessions, while the left-hand panel
show responses to the subsequent 1500mTT’s. Individual plots are for Speed (A and B), HR (C and
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5.6 Discussion

The purpose of the study was to examine the effects of running training sessions at two
exercise intensities and durations on their APD’s and corresponding TL metrics. The main finding of
the study was that session APD and TL metrics were not in agreement. This lack of agreement was
found regardless of whether duration was included or excluded (i.e. TL metrics were normalized).
Greater APD’s might be anticipated for the training sessions with the higher exercise intensities
(10MINS8, 40MINS8), given previous study findings (Kesisoglou et al. 2021b, a). The findings of the
current study confirm that to an extent, as the 40MINS8 training session resulted in the highest APD.
However, when the APD’s resulting from the 10MIN8 and 40MINS5 training sessions were compared,
the longer training session of lower intensity (40MIN5) was found to result in a similar APD to the
much shorter higher intensity session (10MIN8) even though both sessions were calculated to have
very different TL’s. Consequently, it can be seen that relatively small changes in prescribed intensity
from 5 to 8, resulted in the same APD despite the large changes in duration from 10 to 40 min. This
finding is important as it consistent with our earlier speculation that the use of exercise duration as
an independent multiplier in the calculation of TL is inappropriate. These findings are also consistent
with a previous study where intensity and duration were found to contribute differently to the
development of APD (Fullerton et al. 2021) and indicates that the interaction between cannot be
calculated by a simple multiplication. The findings of the present study indicate that the effects of
exercise duration vary according to the exercise intensity and merits a systematic evaluation of this
interaction between exercise duration and intensity and how this should be modelled by TL metrics.
Nonetheless, the fact that the same training stress, as indicated by APD was induced by two very
different training sessions in intensity and duration has important implications when considering

training prescription and training quantification of running.
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The current role of exercise duration in TL quantification has been criticised by researchers
(Weaving et al. 2020; Kesisoglou et al. 2021b, a). Current findings suggest that intensity and duration
may combine in a disproportionate manner in the development of APD. In a previous study, where
exercise intensity was maximal (Kesisoglou et al. 2021b), a fourfold difference in duration did not
change the resulting APD. In this example, the two maximal cycling training sessions consisted of 5
min at 337W and 20 min at 273 W whilst APD was 17.9% and 18.4% after both sessions (Kesisoglou
etal. 2021b). This finding suggests that the effects of duration are moderated by the exercise intensity.
This previous finding suggests that when exercise intensity is maximal APD is similar regardless of
the duration. In contrast, in these circumstances TL metrics underestimate the stress imposed by the
shorter maximal sessions. In submaximal sessions, the longer and less intense training ones induced
a lower APD whilst the TL metrics overestimated their effects presumably because of the bias caused
by exercise duration. The current findings may further suggest that when intensity is below maximal
levels, the relative contribution of intensity and duration can vary considerably. Training sessions
with RPE5 (10MIN5, 40MIN5) were found to induce an APD of 3.6% and 6.2%, respectively. On
the other hand, when training intensity was increased (LOMIN8, 40MIN8) average APDs of 6.5%
and 11.6% were found. These differences in the size of APDs are consistent with the suggestion that
the effects of duration depend upon the exercise intensity. Consequently, the findings from the present
study are in line with previous findings (Kesisoglou et al. 2021b) and reinforce the suggestion that as
intensity decreases, the effect of duration also changes exponentially so that a substantially greater

duration is required to achieve a similar APD.

NASA-TLX scale has previously been found to respond in a similar manner to APD
(Kesisoglou et al. 2021b, a). These findings were not replicated in the present study as changes in
APD did not agree with NASA-TLX. The NASA-TLX responses did follow the same pattern as the
normalized TL metrics however (Figure 5.3). This finding reinforces the suggestion from earlier

studies that NASA-TLX may be more sensitive to changes in the intensity of the exercise, rather than
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the duration. This may explain the agreement between NASA-TLX and APD observed previously
for maximum effort training sessions in both cycling and running studies (Kesisoglou et al. 2021b,
a). The fact that NASA-TLX followed the same pattern as normalized metrics, but not TL metrics
reinforces previous suggestions that exercise intensity and duration may have to be considered
separately (Weaving et al. 2020). These findings appear to suggest that NASA-TLX may introduce
a bias in the quantification of the training dose which is the opposite of that found for currently used
TL metrics. While sRPE, TRIMP and other TL metrics appear to overestimate the importance of
exercise duration (Kesisoglou et al. 2021b, a), the NASA-TLX scale seems to underestimate it.
However, further research is needed to investigate how NASA-TLX reflects various combinations

between intensity and durations of endurance exercise.

5.6.1 Limitations

This study was field-based, and performance was measured on an uncovered outdoor running
track. However, it is considered unlikely that the field nature of the study represents a limitation that
has meaningfully affected the findings. There are several reasons for this suggestion. For example, a
similar experimental design for assessing APD and TL metrics was used in running (Kesisoglou et
al. 2021a). A 10-min running training session performed at 10/10 on the CR-10 scale (Borg 1982)
resulted in an APD of 7% and 7.5% after continuous and intermittent running respectively. This
compares well with the findings of the present study, where an APD of 6.5% was found after 10MIN8
running training session. These results seem consistent with the varying nature of the sessions across
both studies and suggest that the standardization of field conditions was effective. A further limitation
could be due to changes in the pacing profile between the 1500m TT’s. The effects of pacing on
performance are known, (Jones 2002) and could have introduced variability in the current results.

Participants were instructed to strictly follow the same pacing strategy for the 1500m TT’s across all
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visits and they all had previous experience of pacing such a distance. The pacing profiles (Figure
5.2B) showed a similar pattern for all TT’s and were also similar to those observed previously
(Kesisoglou et al. 2021a). Moreover, the HRend, RPEmean, RPEpeak Were not different between all
1500m TT’s. Collectively, these observations suggest that given the field nature of this study the

1500m TT’s were performed consistently and maximally and thus did not affect the APD seen.

5.6.2 Practical applications

Our findings provide useful insights in regard to both training prescription and quantification.
Current TL metrics should not present a score by multiplying intensity and duration, as the effects of
duration seem to vary according to the intensity of the exercise. Coaches and athletes should be aware
that intensity and duration interact and that current methods for TL quantification may lead to
misjudgements about the stress of a training session. The importance of exercise duration in
determining the stress of a session varies with the exercise intensity. The large effect sizes observed
reinforce this consideration. This means session duration should not be used as a constant multiplier
but varied according to the exercise intensity. Furthermore, this finding may help us reinterpret
comparative findings from previously published training studies where session duration and intensity

vary.

The fact that the same training effect can be achieved via two training sessions with
completely different characteristics can also be of importance for injury prevention and periodization
purposes. Traditionally, endurance training heavily relies on how much training can be
achieved/sustained. Our current results suggest that coaches can prescribe the same training stress by
slightly manipulating effort (i.e. 5 to 8/10), by considerably changing training duration (i.e. 10 to 40

min. Thus, an athlete can be exposed to a less intense training session for greater length of time, and
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that often happens with athletes risking with overtraining or returning from injuries, where a

gradual/control amount of training needs to occur.

5.6.3 Conclusion

The same APD was induced by two training sessions of different exercise intensity and
duration which had markedly different TL metrics. The current findings suggest that the contribution
of exercise duration to APD varies according to exercise intensity. In contrast to previous studies
NASA-TLX did not agree well with the observed APD. When quantifying the TL imposed by a

training session, its intensity and duration should be weighted differently.
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Chapter 6: General Discussion

6.1 Is APD meaningful?

In Chapter 3 the concept of APD was introduced, to help quantify the stress of various
endurance training sessions and used to evaluate whether TL metrics were in agreement with APD.
Previous evidence has suggested that short in duration TTs can provide a reliable measure of
performance (Currell and Jeukendrup 2013), which has been found to be reduced by prior exercise
but this was in studies that did not also explore the concept of TL (Passfield and Doust 2000;
Rodriguez-Marroyo et al. 2017; Clark et al. 2018; Fullerton et al. 2021). All experimental Chapters
found that an APD was induced by the training sessions. That is an important finding, as even low
intensity training sessions for small or large exercise durations was seen to result in an APD. An
example of this is the APD’s found after the 40 min cycling training sessions (Chapter 3, see figure
3.2), or after the relatively easy, 10 min running training session (Chapter 5, see figure 5.3). APD
was proposed as a means to assess the training-induced stress resulting from an endurance training
session and the fact that a drop in APD was found even after relatively easy training sessions suggest
that it can detect the stress imposed by exercise for a wide range of training sessions. The magnitude
of APD was found to be a fairly consistent when exercise was compared for the same training
modality (i.e. running, Chapters 4 and 5). For example, 10 min CON and INT training sessions
performed at maximal effort (Chapter 4) resulted in an APD of 7% and 7.5%, respectively. In the
later study where running training sessions were used (Chapter 5), an APD of approximately 6.5%
was found after the 10MINS training session (figure 5.3). The APD’s observed from these 3 different
sessions may indicate the use of APD as a fairly consistent tool for evaluating the stress imposed by
a training session. Comparisons between the cycling (Chapter 3) and running (Chapter 4) APD’s,

may not be directly comparable as it has been suggested exercise modalities may also affect the TL
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(Sandbakk et al. 2021). The findings of this thesis agree with previous indications that APD is
sensitive to changes in intensity and duration, and that changes in intensity appear to be the main
determinant (Fullerton et al. 2021). The greatest APD values were found when maximal intensity
training sessions were completed (Chapters 3 and 4). APD was proposed to quantify the training
stress imposed by exercise. TL metrics, which combine indices of intensity and duration rather than
measuring the training stress directly, did not agree with APD. The purpose of APD was to further
understand how current metrics represent the training stress and to highlight potential limitations with

TL metrics.

6.2 Are current TL metrics effective?

The pattern of TL metrics did not agree with the pattern of APD across all the studies
presented in this thesis. Throughout the different studies, TL was manipulated in different ways and
yet, no agreement was observed. TL was imposed via cycling and/or running, as well as continuous
and intermittent type of endurance training. For example, an agreement was not found when TTs of
different durations were compared with longer durations but lower intensity training sessions
(Chapter 3). Moreover, there were limitations with the TL metrics when comparisons between CON
and INT training sessions in running were examined. TL metrics overestimated the stress imposed
by CON compared to INT running sessions. When continuous endurance exercise was used (Chapters
3 and 5), TL metrics seemed to favor longer training sessions performed at lower exercise intensities.
This was apparent in cycling, where 20 and 40 min submaximal training sessions resulted in TL
scores that were higher than the 5 min TT (Chapter 3). This is in line with findings from chapter 5,
where the 40 min training sessions resulted in greater TL metric scores compared to the 10 min
training sessions (Chapter 4). Throughout all the studies in this thesis, TL metrics seemed to favor

the effects of exercise duration over intensity. Three reasons may explain why TL metrics did not
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agree with APD and these will be discussed below. Firstly, it may be the weighting of exercise
intensity used in current TL metrics. Secondly, it may be the physiological markers used as markers
of exercise intensity for TL metrics. Third and perhaps most important, it seems that the role of
exercise duration within the calculation of TL metrics is overemphasized when they are compared to

APD responses.

6.3 Why TL metrics fail: The role of exercise intensity

Chapters 3, 4 and 5 showed that exercise intensity has been suggested as a key factor towards
the development of APD. The role of exercise intensity markers for TL quantification has been
extensively discussed in the literature (Foster et al. 2001; Impellizzeri et al. 2004; Alexiou and Coutts
2008; Manzi et al. 2009b; van Erp et al. 2019a; Van Erp et al. 2020). The way exercise intensity is
weighted within the current TL metrics is a topic which has received a lot of attention in the TL
research. For example, some methods utilize non-linear metrics based on HR (bTRIMP), zone based
approaches (eTRIMP, LUTRIMP), individualized methods (iTRIMP), or other nonlinear methods
based on power output or Speed (TSS, rTSS). However, none of these methods for TL quantification
showed an agreement with APD in Chapters 3, 4 and 5. The relationship between exercise intensity
and how much stress is imposed on an athlete is not linear and despite some metrics attempting to
take this into account (Morton et al. 1990; Manzi et al. 2009b), an overall agreement between these
metrics and APD was not found. Some methods were suggested as more effective compared to others
for TL quantification. For example, a metric based on power output (TSS) was suggested to better
describe the changes in TL for higher exercise intensities compared to other metrics based on HR or
RPE (van Erp et al. 2019b). The authors attributed this finding to the nonlinear (quadratic) weighting

that TSS utilizes. TSS was used in Chapter 3 for cycling and Chapter 4 for running (rTSS), and in
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neither study agreed with the pattern of APD observed. Other individualized methods based on HR
have been suggested to function better compared to other metrics (iTRIMP) for TL quantification
(Manzi et al. 2009b). However, the iTRIMP did also fail to agree with APD in chapter 4. Therefore,
problems may not only be related to the weighting of exercise intensity, which is non-linear, but also

due to the physiological parameters to describe the effects of intensity.

HR is a popular method within TL metrics (b TRIMP, eTRIMP, LUTRIMP, iTRIMP) and has
inherent limitations because of its day-to-day variability (Buchheit 2014). Moreover, HRmean has
previously received criticism on whether it can accurately reflect the actual physiological demands
of exercise. This has been an issue particularly when exercise intensity is very high or very low in
cases like professional cycling for example (Sanders et al. 2017a). In Chapters 3 and 4, no HR-based
metrics agreed with the APD responses. This finding is in line with other study findings (Alexiou and
Coutts 2008; Manzi et al. 2015; van Erp et al. 2019a), where TL metrics where used to quantify low
versus high exercise intensities. Similar problems were found when zone-systems were used
(Edwards 1993; Lucia et al. 2003), with eTRIMP and LUTRIMP to did not follow the same pattern
as APD. This may be due to in part to the different zone-based weighting factors and how they are
assigned to each zone. Another important limitation is the fixed blood lactate-to-workload
relationship that is used in bTRIMP (Banister et al. 1975) as this may become problematic with
changes in an athletes’ status over time. Although Morton’s weighting factor (Morton et al. 1990)
attempted to overcome this issue, the assumption that HR and blood lactate relationship is fixed is a
known issue. Although this issue was addressed via individualized methods (Manzi et al. 2009b),
others suggested that intermittent exercise can alter the HR- blood lactate relationship and therefore
can affect how TRIMPs are calculated (Akubat and Abt 2011). In all our studies, we found that these

concepts may be relatively helpful to understand the training stress imposed by the training sessions.
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However, popular physiological variables (i.e HR, La’) and how they are used in different TL metrics

did not describe APD in a similar way to perceived exertion.

Collectively in Chapters 3, 4 and 5, perceived exertion better explained APD. It was the RPE
and fr (Nicold et al. 2016a) responses that were collected in the lab (Chapter 3), and the RPE
responses in one of the running studies (Chapter 4). Perceived exertion has been recognized as marker
of exercise intensity in the context of TL (Borresen and Lambert 2009). The higher the RPE across
training sessions (Chapters 3 and 4), the higher the APD. This was not always the case with the TL
metrics. The popular physiological measurements like HR, or VO did not describe APD as well as
overall RPE did in all 3 experimental studies. For example, in our cycling study, we found that cycling
training at a similar, high perceived exertion showed similar APDs even when total duration was 4
times higher in contrast to other TL metrics (figure 3.2). HR values obtained from the cycling training
sessions were also useful for predicting APD (see table 3.1), but not in the running studies (Chapters
4 and 5). This may be due to the different demands placed during running compared to cycling (Millet
et al. 2009) and the fact that HR was unable to reflect the higher perceived exertions imposed by the
INT running training sessions (Chapter 4). Therefore, it may not only be the way intensity is
weighted, but also the physiological variables used to evaluate the effects of intensity. Currently used
variables (HR, La", Power, Speed) and how these are implemented within the TL calculations do not
seem as efficient as using RPE itself in reflecting the overall training stress, especially at the highest
intensities. Nevertheless, intensity was the parameter that well described APD. Current findings
though suggest the use of RPE rather than popular markers of exercise intensity. Therefore, the use
of RPE is also recommended as an inexpensive and relatively easy method for training monitoring
purposes. The fact that the training stress applied is mainly dependent on how intense the exercise is
may also explain findings from studies where performance was assessed in terms of long-term
adaptations and the TWD was fixed between training sessions (Helgerud et al. 2007; Rgnnestad et

al. 2020). Earlier in this thesis (chapter 2), it was suggested that the studies that investigate the long-
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term effects on performance should be interpreted in the context of TL with caution, due to factors
such recovery and diet can affect the adaptation process. Although this is a speculation, the findings
of these two studies (Helgerud et al. 2007; Rgnnestad et al. 2020) may also suggest that greater

adaptations were found because of the higher intensities implemented in certain training sessions.

Despite the importance of perceived exertion, a metric which is based on RPE (sRPE) did not
reach an agreement with APD in Chapters 3, 4 and 5. When RPE was normalized for time (i.e. just
RPE without multiplying by duration) its correspondence with APD improved markedly. This is an
interesting finding that questions the use of exercise duration within the metric. Indeed it is speculated
that the sRPE score may already reflect the effect of exercise duration before duration is used as a
multiplier. For example, RPE has been found to increase at constant work rate (Noakes 2004) and
this suggests that end session RPE is inversely proportional to the session duration. This may mean
that end RPE already includes the effects of duration. For example, when an athlete is been asked
“’how was your workout?’’ (Foster et al. 2001), the length of the session may already be included as
a factor in providing their response. Evidence suggests that without feedback on session duration, the
momentary sensations (i.e. RPE), make maintaining power output and speed more challenging (de
Koning et al. 2011). This may be another reason to why sRPE overestimated the effects of cycling
and running training sessions. This is only a speculation and future research may want to investigate

whether RPE includes duration and how this may affect its use for training quantification purposes.

Several studies suggest that different TL metrics are highly intercorrelated (Foster et al. 2001;
Manzi et al. 2015; van Erp et al. 2019a). This is somewhat surprising as many metrics use different
approaches. It may not be the weighting factor, or the variable used to describe the intensity of a
training session, but instead the way intensity is multiplied by duration that leads to this agreement
between TL metrics. This suggestion is supported by the similar findings between Chapters 3, 4 and
5 regarding quantifying the effects of various training sessions on TL metrics and APD. In all 3

studies, HR, RPE, power and speed-related TL metrics showed similar responses, yet none of those
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metrics were found to be in an agreement with APD. A lack of agreement was also found when the
TL metrics were normalized (Chapters 4 and 5). This was done as an attempt to separately examine

the effects of exercise intensity and duration.

6.4 Why TL metrics fail: The role of exercise duration

The problematic role of exercise duration within the TL metrics was found for both cycling and
running, independently of the method used for measuring exercise intensity (i.e RPE, Speed, HR).
Overall, we found that the role of exercise duration was not straightforward, especially when different
intensity and duration training sessions are compared. The findings of chapter 3 showed that 5 and
20 min maximal intensity cycling sessions resulted in the same APD. Similarly in chapter 4, where
25 min training sessions resulted in higher TL metric scores despite lower APD responses. These
differences in response suggest that exercise duration cannot be used in absolute values and as an
independent multiplier in TL metrics. The problem was more obvious for maximal intensity training
sessions (Chapters 3 and 4) and less so for sub-maximal training sessions (Chapter 5). Thus the
contribution of exercise duration to the development of APD seems to depend on how intense the
exercise is (Fullerton et al. 2021). Current results suggest that session duration needs to be considered
differently, outside fixed chronological frames and that this varies with exercise intensity. Previous
experimental work on time perception, pacing and exercise intensity may provide an interesting
insight (Edwards and McCornick 2017). These authors concluded that the higher the intensity of
exercise, the more the perception of time appears to shorten in relation to the chronological time
elapsed. This is also in line with previous findings that individuals perceive distance to be further in
tasks of greater severity (Pinheiro et al. 2016). This indicates that the higher the intensity of exercise,
the more the subjective time shortens making chronological time seem slow (Edwards and

McCornick 2017). In a practical example, the 5 min (in cycling) or 10 min (in running) training
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sessions may have been perceived as “’longer’” for subjects. Accordingly, in terms of perception,
absolute measures of duration may not provide a meaningful assessment of training stress if used a
multiplier with HR (TRIMPSs), RPE (sRPE) or power/speed related metrics (TSS, rTSS). Therefore,
when exercise is performed at high intensities, absolute exercise duration may underestimate the
training stress imposed and when intensity is low, exercise duration may over present its effects.
Although this is a speculation, future research may further explore whether time should be equated

differently based on how intense training is and in turn, better inform the TL metrics.

Although, RPE without the effects of duration responded better compared to traditional TL
metrics. Findings from Chapters 3 and 4 both suggest that isolating and monitoring exercise intensity
without duration may help athletes and practitioners to better quantify their training. A similar
conclusion was reported from Weaving et al. (2020), who analyzed the relative contribution of
exercise intensity and duration to daily TL in professional rugby players. While RPE was found to
be successful for prescribing sessions in Chapters 4 and 5, it agreed with the observed APD only in
Chapter 4. The findings from Chapter 5 and others (Fullerton et al. 2021) suggested that the role of
exercise duration matters for APD. Therefore, it is not the intensity alone (Chapters 4 and 5), but both
intensity and duration (or distance covered) that explains APD. Thus whilst the effects of exercise
duration in current TL metrics are over emphasized, excluding exercise duration completely loses an

important piece of the puzzle.

Chapter 5 provided some useful insights of how two perceived exertions and durations interacted
and induced TL scores and APD’s. As RPE was reduced (from 8 to 5), 4 times higher duration seemed
enough to induce a similar APD. When RPE was maximal (Chapter 3), the two training sessions with
4 times higher durations resulted the same training stress in cycling (Figure 3.2). In running and
submaximal intensities (Chapter 5), 4 times higher duration was sufficient to result in the same
training stress between two sessions with different characteristics. It is also important to state that the

role of exercise duration may be related to the form of exercise, modality, fitness levels and the
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sequence of different intensities in a training session. For example, the sequence of “load’’ has found
to affect performance in elite tour cycling (Padilla et al. 2008), as well as the structure of a training
session (Nicol6 et al. 2014; Passfield et al. 2017; Renfree et al. 2021). Future research may want to
further examine how different combinations between intensity and duration influence APD and TL
metrics and how these are influenced by exercise modalities (i.e. running vs. rowing) and different

fitness levels (i.e. reactional runners vs elite runners).

6.5 NASA-TLX and Training Load

Whilst APD was found to contradict TL metrics, this was not the case for the NASA-TLX scale
in Chapter 3. NASA-TLX is a subjective measurement of perceived workload, yet it does not include
absolute exercise duration for these purposes. It includes the effect of duration for the participants
via the Temporal Demand subcategory (i.e. How harried or rushed was the pace of the task).
However, it does not use this as an independent multiplier. In the studies where maximal or sub-
maximal intensities were implemented (Chapter 3 and 4), NASA-TLX agreed well with APD.
NASA-TLX was followed the same pattern as APD when comparisons were performed in cycling
and running, as well as between CON and INT training sessions (Chapter 4). Previously, subjective
methods have been proposed for training quantification purposes. The last experiment (Chapter 5)
provided insights on the limitations and usefulness of the NASA-TLX scale however. Participants
were asked to exercise at a 5/10 RPE using the CR-10 scale (Borg 1982), and the exercise duration
was extended from 10 to 40 min. Although NASA-TLX responded consistently to APD for the 40
min session in Chapter 3 this was not the case with Chapter 5. Collectively, the findings from the 3
studies may suggest that NASA-TLX better corresponds to changes in session intensity, than

duration.
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Interestingly, NASA-TLX agreed with normalized TL metrics but not with the traditional TL
metrics that use exercise duration. The limitations found in terms of using the NASA-TLX may
discourage athletes and practitioners for its use. However, it is possible that NASA-TLX is a worth
exploring further as a potential TL metric, but at present some limitations are apparent. Accordingly,
the use of NASA-TLX may be considered alongside other simple, subjective methods such as RPE.
Consequently, the finding from the present studies may help guide future research towards the further

identification of simple, inexpensive methods for quantifying the training stress effectively.

6.6 Practical applications

The repeated finding that current TL metrics do not agree with the pattern of APD changes
suggests that the quantification of training stress with current methods is misleading athletes and
coaches. In a practical context, athletes and coaches have to decide their appropriate training dose by
combining session intensity and duration. Traditional methods of endurance training involve such the
high-volume training (HVT), threshold training (THR), high-intensity interval training (HIIT) or a
combination of the above known as polarized training (Seiler and Kjerland 2006; Stoggl and Sperlich
2014, 2015). Findings from Chapter 3, 4 and 5 suggest that these training intervention cannot be
equated with current TL methods. For example, Chapters 3 and 4 showed how potentially the training
stress of low intensity-high volume training sessions may be overestimated, or how threshold training
and HIIT training sessions may be underestimated with current TL metrics. The "easy training easy
and hard training hard”’ principle when interpreted with current metrics could lead coaches and
athletes to misjudge how their sessions should be planned. Additionally, the fact that CON and INT
sessions with similar RPE’s resulted in the same APD may also have important practical implications.
Given the training literature, INT has been suggested to potentially cause superior adaptations over

CON training (Buchheit and Laursen 2013b).
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Similar problems may arise for the use of the acute : chronic workload ratio (ACWR) e.g. for
injury prevention purposes (Hulin et al. 2014). This method summates the SRPE responses over an
acute (1-week total) and chronic (4-week average) timescale. Chapters 3 and 4 demonstrated the
potential problems with daily SRPE values may misguide the training dose. Notably, the findings
from Chapter 5 may also provide useful practical information, as two different training sessions with
completely different characteristics resulted in the same training stress. This may be important for
periodization and injury prevention. Regarding how training is periodized, the results may suggest
that rather than accumulating or sustaining TL, sessions with less duration but higher intensity may
be as sufficient as needed for triggering the same training effect. For example, when training at
maximum intensity, a shorter duration may suffice based upon the lack of difference seen in APD for
a 5and a 20 min session. Alternatively, exercise therapists and injured athletes may want to use less
intense training sessions with longer durations to provide training stress, for example in return-to-

play protocols.

A simple approach towards a better quantification of TL may be not use the duration of each
training session as a multiplier and to report exercise duration and intensity metrics separately. This
was suggested in Chapters 3 and 4 and is in agreement with comments by others (Weaving et al.
2020). Nevertheless, the findings from Chapter 5 suggest that athletes and practitioners may also
have to consider them in a combined manner, as they interact to generate the training stress. The
findings of the thesis reinforce the notion that TWD and related TL metrics do not provide appropriate
scores that agree with APD and therefore do not represent the training stress. Sport practitioners and

athletes should use current TL metrics with caution, until their validity has been established.

6.7 Limitations

This thesis used some assumptions and limitations that need to be mentioned. To begin with,

an assumption is about the APD methodology (Chapter 2.8) and its conceptual link with the TL
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concept as introduced by Banister et al. (1975). Earlier, the concept of Banister et al. (1975) was
discussed and this thesis evaluates whether the TL should reflect the APD responses resulted from
various endurance training sessions. Nevertheless, the model by Banister et al. (1975) is also based
on the long-term (i.e weeks, months of training) effects (training-induced fatigue and performance)
of training or a block of training sessions. Therefore, it should be clear that Chapters 3, 4 and 5
examine only the acute effects of training (i.e APD). For that reason, the conceptual link made
between Banister et al. (1975) work and APD should be used with more reserve and requires further

investigation.

Lately, the concept of APD was used to challenge the validity of the TL concept_(Passfield et
al. 2022). This attempt has received criticism (McLaren et al. 2022; Slattery et al. 2022)_and
guestioned its use for that purpose. Indeed, it is currently unclear whether APD challenges the validity
of the TL concept or the validity of the TL metrics. The way the TL concept was introduced by
Banister et al. (1975) suggested a link between the amount of training done by an individual and its
long- and short-term effects on performance. As said above, this thesis only attempted to link the
short-term effects of a training session with performance. Nevertheless, a lack of agreement was
found between APD and TL metrics across all studies. These findings challenge the way TL metrics
present the effects resulted from single endurance training sessions. This lack of agreement observed
across all studies do not necessarily challenge the validity of the TL concept. However, it does raise
questions on whether the future of TL monitoring will involve the use of training characteristics in
the way they currently used. This thesis provided a novel methodology to challenge traditional
methods of TL metrics and highlight its limitations. This will hopefully provide new directions for

conceptualizing the TL concept differently and will stimulate the development of new TL metrics.

The link between TL and the training effects (i.e APD), as the only result of the training dose
is another assumption that needs to be mentioned. This thesis attempts to conceptually link the

training dose with its effect on performance (i.e APD). For that purpose, APD was suggested, due to
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its sensitivity to a variety of interventions (Chapter 2.8). Despite that, the APD may not fully describe
all the training effects resulted from training. For example, Jeffries et al. (2021) suggested multiple
methods of assessing the training effects and classified them as performance measures, physiological
measures, subjective measures and others (cognitive, biomechanical). Therefore, it is important to
acknowledge that APD may not fully reflect the training effects resulted from the endurance training
sessions used in Chapters 3,4 and 5. Indeed, quantifying endurance training and their effects just by
a single number was not expected to be straightforward. In order to conceptually link the effects of
training with the TL concept, APD findings may need to be presented in relation to other (short and
long-term) training effects. Further research is required to provide an understanding on whether APD

can be combined with other methods for better understanding the effects of training.

Until further research is conducted, APD could potentially considered as a method to assess
the consequence of fatigue deriving from various endurance sessions. Nevertheless, due to the
complicated nature of fatigue (Enoka and Duchateau 2016), the exact mechanisms of fatigue have
not been examined in depth in the current thesis (see Chapter 2.2). Therefore, this thesis avoided to
refer to the nature of fatigue resulted from the endurance training sessions. The absence of examining
the fatigue mechanisms in depth may be considered as a limitation and no further justification about
the APDs found can be provided. For example, Chapter 3 showed that a 5- and a 20-min TT had a
similar APD. If particular mechanisms were examined, this could have helped towards a justification

of the findings.

The demanding nature of the current studies should be considered when designing future
studies using the APD methodology. The relatively low sample size used in our studies (11-14
participants) was satisfactory for identifying significant differences when the effect sizes were large.
However, when looking for subtle differences between different training sessions, a higher sample
size may be required. The fact that a conservative post-hoc analysis was used in all studies does not

exclude the possibility that a type Il error might have been committed. In some specific instances,
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coefficient intervals suggested that the recruitment of a larger number of participants might have
allowed us to observe other differences between APDs. For example, in Chapter 3, no difference was
found in the APDs as assessed after the 20-min sub-max and the 40-min sub-max training sessions.
These sessions could have been found different if more participants were recruited. Another example
is Chapter 4. In that study, APDs found to be no different as assessed after the 20CON and 25CON
training sessions. It cannot be excluded that with more participants, APDs could have been different.
These considerations are useful to provide suggestions for future studies that intend to use the APD
methodology. When researchers are interested in the potential differences in APD and the expected

effect size is small or moderate, larger sample sizes may be needed.

The time frame in which the test was administered in Chapters 3,4 and 5 could have also
affected our findings. In Chapter 2.8, the reasons behind the selection of the 5-min rest between the
training sessions and APD were explained. If the test was delivered too late after the competition of
the training sessions, capturing the effects of that session could be at risk. For that reason, the rest
provided (i.e 5-min) between the training sessions and the performance assessment was based on the
thesis aims, pilot testing conducted prior to data collection and feasibility. Nonetheless, the exact
time that the performance assessment needed to be administered for capturing the training effects of
a training sessions remains under question and more evidence is required. Consequently, whether the
5-min of rest between the training sessions and APD was suffice requires further investigation.
Potentially, different APD’s would have been observed if the rest period between the training sessions
and the performance assessment was 3-, 8- or 10-minutes. Future studies may want to investigate
how different rest periods provided between training sessions and APD affect how the training effects

are represented.

6.8 Future directions
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Earlier in this thesis (Chapters 2, 3,4 and 5), we have highlighted some of the challenges of
assessing the validity of TL measures across multiple sessions. Although it is relatively simple to
design studies assessing the validity of TL metrics at a single session level, only a few attempts have
been made (Morton et al. 1990; Wallace et al. 2014b). At a single session level, a useful measure of
TL should provide a reasonable estimate of the training stress for a single exercise session for various
combinations of exercise intensity and duration. Our findings showed the problems with the current
approaches via using performance assessments to capture the training-induced fatigue caused by
various endurance-based training sessions. Understanding how exercise intensity and duration affect
training stress in a short-term approach may consequently help researchers address the more
complicated issues of how to account for changes in TL over multiple training sessions. Therefore,
rather than focusing on how training stress affects performance in the long-term, future research may
want to first address fundamental concerns around the validity of TL. Hopefully, the findings
presented in this thesis may pave the way for the development of new, validated methods to quantify
training. Future research may want to examine multiple combinations of training sessions where
exercise intensities and durations vary, and to quantify how these training sessions affect APD.
Similarly, the selection of different tests for the determination of APD is something that future work
may want to investigate. Importantly, future studies should select a test for the assessment of APD
based on the sports characteristics and particular events. For instance, a test lasting for a long time
(i.e 5 km TT) should not be a choice if the performance of an 800m runner is of concern. Another
issue that future research may want to further examine is the type of test used. For example, Fullerton
et al. (2021) used a TTE test, while in this thesis only TT’s were assessed. Future studies may want
to use TTE tests, in order to remove the need for a careful control of pacing. Lately, studies that used
the concept of APD preferred a 3 km TT (Vermeire et al. 2023) or a 20-min TT (Valenzuela et al.
2023) assessment. Collectively, future researchers are encouraged to incorporate various training

sessions and performance assessments to better understand the training process.
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The recovery time provided between the training sessions and the APD is a factor that may
want to be further explored. Lately, a 10-min recovery between endurance training sessions and APD
was implemented (Vermeire et al. 2023). Researchers are encouraged to try different recovery periods
in a systematic way for future studies. Nevertheless, the longer the recovery implemented, the higher
the risk to lose the effects of a training session on APD. Moreover, future studies may want to
investigate how APD is impacted by other exercise modalities (e.g rowing) and other formats of
interval training. For example, Chapter 4 only assessed intervals based on a certain distance, and
therefore, APD may want to be examined in other interval matrix where the work and the rest ratios
vary. Lastly, it is also suggested that the effect of a training session on an individual’s APD may be
dependent on their fitness. Therefore, future research may want to characterize how various session

intensities and durations result in APD’s for active, trained and well-trained endurance athletes.

Future research may want to address the methodological assumptions behind APD, as
mentioned in Chapter 6.7. For instance, future research may want to investigate how APD responds
in relation to other methods that can capture the short- and long-term effects resulted from training.
Training is a complex phenomenon and will result changes in a variety of assessments such as
biomechanical, cognitive and subjective (Jeffries et al. 2021). Reductions in performance may
partially capture the effects resulted from training and presented as APD in this thesis. Future research
may want to relate APD with other measurements as indicators of the acute training effects. A link
between APD and other indicators of the acute training effects need to be established. For example,
subjective measures of fatigue after a training sessions such as the subcategory of the POMS (Berger
and Motl 2000) scale is a direction that future research may want to examine. When that link is
established, then a logical step would be to explore the value of APD for long-term training. For that
purpose, well-controlled experiments need to be conducted. APD may want to be assessed over
multiple times within a period of training, or at the start and end of a training plan. Again, whether

APD is a useful tool for long-term training needs to be confirmed versus measurements of the long-
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term training effects. Similarly to example made earlier about the use of the fatigue subcategory of
POMS for the short-term training effects, mood may also be used for the long-term effects of training.
For example, mood assessments after a period of time may well be linked with APD assessments
over a period of time. These are just examples of how APD may be used in the future. Researchers
and practitioners are encouraged to search for tools that will link APD with other assessments of the

training effects resulted from short- and long-term training.

6.9 Conclusion

This thesis investigated the validity of current methods for TL quantification using APD as
an index of training stress. Different TL metrics were used to quantify a cycling and a running-based
training dose, however, current methods for quantifying TL showed no agreement with APD in any
of the experimental studies. These findings emphasize previously expressed concerns regarding the
validity of TL concept and the fact that TL metrics have never been validated against an appropriate
criterion of training stress. The important role of exercise duration has been discussed and Chapters
3, 4 and 5 further suggested that the use of training duration in absolute units as a multiplier in current
TL metrics may be problematic. Therefore, new methods for TL quantification are required. Current
findings suggest that these methods may need to take into account both the effects of exercise
intensity and duration and their interaction. Current methods for TL quantification in endurance
performance should be used with caution, until their validity has been established. It is acknowledged
that APD is impractical for daily interpretation of athletes’ training sessions. However, the evaluation

of APD may be useful in the development of new TL metrics and for assessing their validity.
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