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Abstract

In the field of tactical strength and conditioning, recent research has focused on
enhancing operational readiness, preventing injuries, and implementing advanced
periodisation models. Tactical populations include operators from law enforcement,
military, fire, and emergency response units. Specifically, this dissertation examines the
monitoring strategies employed by operators serving in combative environments and
proficient in weapons and tactics, referred to as “specialist tactical populations.”
Combative environments are characterised by high levels of conflict, violence, and
danger, requiring operators to face uncertainty, make rapid decisions, and adapt
quickly. Examples of units operating in such environments include military, tactical
police, and counterterrorism units. Operating in these environments demands
exceptional physical and mental capabilities, as the risks of injury or harm are
significantly amplified. Therefore, monitoring the physiological and psychological
stressors within these high-risk environments becomes crucial for the performance and

well-being of specialist tactical operators.

While internal and external load monitoring has been extensively studied in
traditional sporting environments, research on monitoring strategies for tactical
populations, especially specialist groups, remains limited. This dissertation aims to
address this gap by achieving three primary objectives: identifying and analysing
monitoring methods applicable to specialist tactical populations, reviewing and critique
all available literature on monitoring strategies in these populations, and proposing

practical recommendations and a framework for effective load monitoring protocols.

The systematic review conducted for this dissertation included studies primarily
conducted in training environments, with limited observation in operational settings.
Internal variables were measured in 91% of the studies, with heart rate being the
primary method used. External variables were reported in 64% of the studies, with
accelerometry being the most common tool. The overall findings highlight the significant

physiological and psychological demands placed on specialist tactical operators.



Implementing load monitoring protocols in operational environments requires
careful consideration of factors such as validity, wear tolerance, technological
constraints, and data security. This dissertation provides valuable insights into the
monitoring strategies employed in specialist tactical populations, offering practical

recommendations for their implementation in operational settings.
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Chapter 1. Introduction

1.1. Topic and Context

Tactical strength and conditioning has gained significant attention in recent
years, as evidenced by the growing body of research and evidence-based practice
(Dijksma et al., 2021; Maupin et al., 2019; Michael et al., 2022). This discipline has a rich
historical background, with some authors suggesting that the ancient Olympic Games
served as a platform to showcase warrior athleticism (Alvar, Sell, & Deuster, 2017). In
more recent years, tactical strength and conditioning research has focused on aspects
such as periodisation, programming, and injury prevention, with the overarching goal of
enhancing operational “readiness” (Maupin et al.,, 2018). This chapter serves as an
introduction to tactical populations as well as introducing important concepts that will

be further explored throughout this dissertation.

Tactical populations encompass a diverse range of professionals, including law
enforcement, military personnel, firefighters, and emergency response units, and are
required to confront life-and-death situations in their line of duty (Alvar et al., 2017,
Michael et al., 2022; Maupin et al., 2018). These populations exhibit variations in terms
of tactical operators and hierarchical structures, with each group having distinct
operational objectives and tasks (Alvar et al., 2017). Therefore, this dissertation will
focus on the monitoring strategies employed by operators who may be required to work
within combative environments and are proficient in weapons and tactics, referred to
as “specialist tactical populations.” For this dissertation, combative environments are
characterised by high levels of conflict, violence, and danger, where tactical populations
may encounter armed individuals or groups, face uncertainty, and require rapid
decision-making and adaptability (Alvar et al., 2017; Irving, Orr, & Pope, 2019; Tomes,
Schram, & Orr 2021). Notable examples of specialist tactical populations that frequently
operate in combative environments as part of their occupational tasks include, military
personnel, specialist tactical police units (e.g., SWAT, STG, AOS) and counterterrorism
units (Alvar et al., 2017; Michael et al., 2022; Maupin et al., 2018). Operating within

these challenging environments demands exceptional physical and mental capabilities
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as operators navigate through limited visibility, contend with intense emotions, and face
various physical hazards. In such austere conditions, the risks of injury or harm are
significantly amplified, emphasising the importance and the need for heightened
physical fitness, proficient combat skills, and psychological resilience strategies (Michael
et al.,, 2022; Tornero-Aguilera et al., 2017). Furthermore, operators are required to
perform at their highest capability under these conditions. Given the heightened
physical and mental demands imposed by combative environments, it becomes
imperative for practitioners working alongside specialist tactical groups to prioritise the
well-being and performance of these operators (Michael et al., 2022; Tornero-Aguilera
et al., 2017). In pursuit of this objective, the implementation of monitoring strategies
plays a pivotal and indispensable role. As appropriate and effective monitoring
strategies allow practitioners to assess operational readiness, through optimising
physical fitness, managing stressors, preventing injuries, enhancing performance, and
promoting psychological resilience among operators. Essentially, monitoring is a
proactive approach that enhances the readiness and effectiveness of specialist tactical
populations, enabling them to navigate through the austere environments which they

must contend.

The monitoring of internal load (e.g., heart rate (HR), rating of perceived exertion
(RPE), and biomarkers), as well as the measurement of external load (e.g., repetition
volume, total distance covered, and performance tests), has been extensively
investigated within traditional sporting environments (McGuigan, Hassmén, Rosic, &
Stevens, 2020). However, the literature on monitoring strategies for tactical populations
remains limited in comparison to sports and other populations. Furthermore, there is a
paucity of research examining the implementation of monitoring strategies specifically
within specialist tactical populations. Consequently, this dissertation aims to provide a
comprehensive analysis of the current research in this field, while also identifying and

addressing the existing gaps between research and practice.

1.2.  Significance, Scope, and Focus
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This dissertation aims to identify and analyse the monitoring methods and
strategies employed outside the field of tactical populations, that can be relevant and
applied to these specialist groups. Additionally, this dissertation aims to review and
critique all available literature utilising monitoring strategies in specialist tactical
populations. Therefore, this comprehensive examination of monitoring methods
employed in non-tactical environments and those implemented within specialist tactical
populations will provide a holistic view of the load monitoring landscape across
domains. Importantly, this dissertation goes beyond understanding the monitoring
strategies themselves and focuses on their practical application within tactical
environments. Providing actionable recommendations and a framework for coaches,
practitioners, and decision-makers in the tactical field. Finally, the interdisciplinary
relevance of this dissertation is noteworthy, as it draws upon knowledge and methods
from various fields such as traditional sports, exercise science, and tactical training. This
interdisciplinary approach allows for the content of this dissertation to apply to
practitioners and researchers from multiple disciplines who are interested in monitoring

strategies for tactical populations.

1.3. Research Questions

I.  What are the monitoring strategies (outside the field of tactical populations)
that are used by coaches and practitioners that are relevant to specialist
tactical populations?

II.  What are the monitoring strategies implemented within specialist tactical
populations?
. What are the practical applications for specialist tactical populations from the

identified monitoring strategies?

1.4. Overview of Structure

The main body of this dissertation is divided into three chapters:

12



Chapter 2: Inside the Athlete’s Toolbox provides a comprehensive narrative
review and discussion of the literature surrounding monitoring methods employed
within traditional sporting environments. This chapter aims to establish a strong
foundation of knowledge by reviewing the existing research and highlighting the key

monitoring techniques used in sports.

Chapter 3: Beyond the Arena builds upon the foundation of internal and external
load monitoring methods established in Chapter 2. It systematically presents and
explores the current research within the field of specialist tactical populations, while
also identifying the current gaps between research and practice. This chapter serves to
analyse the current state of monitoring methods beyond traditional sports and provide

insight into potential areas of future research.

Chapter 4: From Theory to Practice bridges the gap between traditional sport
and tactical environments by exploring the practical applications of integrating
monitoring methods into specialist tactical populations. This chapter focuses on
translating the theoretical knowledge gained from the previous chapters into practical

strategies and frameworks for load monitoring in tactical settings.

It is important to note that due to the interrelated topics and structure of the
chapters, there may be some repetition between the introductory and summary
sections, as well as within the dissertation as a whole. However, efforts have been made
to minimise redundancy and ensure that each chapter contributes distinct information

and insights to the overall discussion.
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Chapter 2. Inside the Athlete’s Toolbox: A Comprehensive Review

of Traditional Sport Monitoring Methods

Athlete monitoring strategies have become increasingly popular within high-
performance and elite athletic populations and are well-established crucial practices for
strength and conditioning practitioners and sport scientists (McGuigan et al., 2020;
Soligard et al., 2016). Athlete monitoring systems aim to optimise athletic performance,
prevent injuries, and safeguard the overall well-being of athletes (McGuigan et al.,
2020). With the growing and increasing demands of competitive traditional sport and
the perpetual pursuit of “faster, higher, stronger,” athletes” and their supporting staff
face increasing pressure to enhance performance. In this context, the need for evidence-
based decision-making becomes paramount. Over recent vyears, strength and
conditioning practitioners, coaches, and athletes have increasingly adopted a scientific
and data-driven approach in the design, monitoring, and implementation of their

training programmes (Halson et al., 2014).

The pursuit of athletic excellence necessitates a delicate balance between
training stimulus and adequate recovery. Athletes regularly participate in demanding
training regimens to enhance their competitive performance (McGuigan et al., 2020).
When the balance between stimulus and recovery is appropriately managed, athletes
will experience physiological adaptations and improved performance, following the
principle of super-compensation (Alvar et al., 2017). However, inadequate training load
management can lead to insufficient recovery and maladaptive responses such as
injuries, illness, prolonged fatigue, non-functional overreaching, and overtraining
syndrome (McGuigan et al., 2020). These maladaptive responses have the potential to
negatively influence athletic performance and increase the risk towards athletes’ mental
and physical well-being (Soligard et al., 2016). Effectively monitoring an athlete’s
training load and subsequent internal response becomes increasingly important when
mitigating these potential negative outcomes. Furthermore, it provides practitioners
and coaches objective insight into the understanding of individual adaptations and
responses to training load, informing training prescription, and potentially identifying

markers of fatigue (Bourdon et al., 2017; Soligard et al., 2016).
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Athlete monitoring systems can be expressed as strategies that quantify training
load (i.e., external monitoring), and quantify physical status over time (i.e., internal
monitoring) (Campbell et al., 2017). External training loads refer to any measurable
externally applied stimulus, which is independent of their internal characteristics (e.g.,
frequency, duration, type of training, time-motion analysis, or Acute:Chronic load ratio)
(Maupin et al., 2018; Soligard et al., 2016). These external loads represent the quantity
of work completed by athletes. Whereas internal load refers to the measurable “internal
response factors within the biological system,” and can be expressed as psychological
states (e.g., perception of effort, questionnaires, and self-report measures),
physiological responses (e.g., HR variables and training impulse), and individual
biomarkers (e.g., blood, saliva, and urine analyses) (Soligard et al., 2016). It is well
established that no single internal or external marker can accurately detect overtraining
and maladaptation in athletes (Bourdon et al., 2017; Greenham et al., 2018; Maupin et
al., 2018; Soligard et al., 2016), researchers suggest utilising a multivariate approach and
integrate a combination of workload, physiological, psychological, and biochemical

markers into athlete monitoring systems (McGuigan et al., 2020).

The monitoring methods and techniques outlined in this chapter are
indispensable tools that provide objective insight into athletes’ physiological,
psychological, and biomechanical responses to the demands of training, recovery, and
competition. This chapter aims to explore and provide an overview of the different
athlete monitoring methods by examining their significance, methodologies, and
practical implications for enhancing performance within the traditional sporting
environment. By reviewing and synthesizing current research and practice, this chapter
will address the following objectives:
I.  Outline the importance of monitoring methods in optimising athletic
performance.

[I.  Discuss the main monitoring methods utilised within traditional sporting
environments.

lll.  Evaluate the strengths and limitations of various traditional sport monitoring

techniques, considering their applicability, reliability, and validity.
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IV. Identify gaps, challenges, and future directions in the field of athlete
monitoring methods.

To achieve these objectives, this chapter is organised into several sections and
subheadings. The subsequent section provides a comprehensive review of the relevant
and existing literature on training load monitoring methodologies. Followed by an
exploration of the two main categories of monitoring methods: external monitoring and
internal monitoring, which will examine in detail specific techniques utilised in a

traditional sport environment.

2.2 Discussion

2.3.1. Training Load

Strength and conditioning practitioners are responsible for the development and
monitoring of periodisation programmes that are designed to elicit specific training
adaptations in their athletes’ (Campbell et al., 2017). Typically, these professionals
monitor athletes’ responses to training load and frequently update the programme over
time. The process of monitoring individual training responses is essential to understand
the individuals’ response to training, fatigue, and recovery, whilst mitigating the risk of
injury and non-functional overreaching (Campbell et al., 2017). Non-functional
overreaching can occur when an athlete undergoes a prolonged and excessive training
stimulus, without sufficient recovery (Alvar et al., 2017), and can potentially result in a
negative impact on their physical and mental health, as well as performance (McGuigan

et al., 2020).

Training load is often referred to within traditional sporting environments as the
players' response to the imposed stimulus over time (Soligard et al., 2016). The
International Olympic Committee has defined training load as “the cumulative amount
of stress placed on an individual from single or multiple training sessions (structured or
unstructured) over a period of time” (Soligard et al.,, 2016). Typically, training load
measures have been categorised into internal and external methods (Bourdon et al.,

2017; Maupin et al., 2018; McGuigan et al., 2020; Michael et al., 2022; Soligard et al.,
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2016). For this dissertation, external load will refer to any measurable externally applied
stimulus, which is independent of their internal characteristics. Common measures of
external load include speed, acceleration, frequency, time-motion analysis,
Acute:Chronic workload ratio, and global positioning systems (GPS) parameters (Maupin
et al., 2018; Soligard et al., 2016). The externally applied stimulus will result in both
physiological and psychological responses within the individual. Therefore, internal load
refers to the measurable “internal response factors within the biological system.”
Measures such as HR, HR variability (HRV), RPE, training impulse (TRIMP), and blood
lactate are commonly used to assess internal load (Soligard et al., 2016). A summary of

some common internal and external monitoring methods is presented in Table 1.

Table 1.

Potential Internal and External Training Load Variables

Internal load External load
HR Duration

HR recovery Distance
Oxygen uptake Frequency
HRV Type/Mode
TRIMP GPS measures
DLW Accelerometry

Hormone analysis
Blood lactate/glucose
RPE/sRPE

Cognition

Power output

Speed

Accel/Deceleration
Metabolic power
Time-motion analysis
Neuromuscular function
Movement repetition counts
Acute:Chronic workload ratio
Training load calculations

HR = Heart rate, HRV = HR variability, TRIMP = Training impulse, GPS = Global positioning
system, DLW = Doubly labelled water, RPE = Rating of perceived exertion, sSRPE = Session
RPE.

External load monitoring provides insight into the work completed, capability,
and capacity of the athlete, whereas internal load monitoring establishes how the
athlete is adapting physiologically (Maupin et al., 2018). Therefore, to optimise athlete
performance, it is critical to integrate both internal and external monitoring methods.

This integrated approach to monitoring training loads can provide a more
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comprehensive analysis of the overall stress experienced by the athlete, as no single
variable consistently predicts maladaptation or injury (Borresen et al., 2009; Halson et
al., 2014; Meeusen et al., 2013; Soligard et al., 2016). For example, an athlete repeating
the same training session may present identical relative power outputs (i.e., same
external load), however, their ability to respond to this output (e.g., increased HR, sRPE,
or blood lactate; i.e., internal load), may differ significantly between athletes’ (Bourdon
et al., 2017; Halson et al., 2014). Thus, by taking a comprehensive and integrated
approach to athlete monitoring, practitioners can gain greater insight into the athletes’
physiological and psychological responses, allowing for more targeted and effective

training interventions.

2.3.2. External Monitoring

Although it is desirable to measure both internal and external training loads, this
is not always feasible due to the lack of readily available valid indicators of internal load
(Impellizzeri et al., 2019). For example, repeated bouts of high-intensity sprint training
are thought to elicit higher neuromuscular responses when compared to other forms of
running at relatively slower speeds. However, there are no established or validated real-
time methods of monitoring this neuromuscular involvement in training environments
(Impellizzeri et al., 2019). Conversely, external load indicators such as velocity or time
to complete these sprints are easily measurable and commonly employed through GPS
tools (Soligard et al., 2016). Furthermore, practitioners typically estimate internal load
based on external load variables. However, as explained previously, this approach may
have limitations as practitioners prescribe training according to external load to elicit

specific internal physiological adaptations.

GPS and Accelerometry

Over the past decade, exercise science research in team sports has developed
exponentially, leading to the emergence of novel technologies for monitoring training

load in athletes (Bourdon et al., 2017; Rago et al., 2020; Kupperman et al., 2020).
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Wearable microtechnology incorporating GPS has become increasingly popular, with
four out of the top-five ranked variables used to monitor training load in Football, being
derived from GPS technology (Akenhead & Nassis, 2016). These variables included
accelerations, total distance, high-speed running distance, and estimated metabolic
power (Akenhead & Nassis, 2016). Furthermore, several team sports have adopted the
use of wearable microtechnology during competition (e.g., Rugby, Football/Soccer,
Basketball, American Football, Cycling, Triathlon etc.). With the development and
integration of these micro-technologies in competition and training, research utilising

these tools has accelerated over the last decade (Rago et al., 2020).

GPS units are a type of microtechnology worn by athletes that contain sensors
which communicate their position and movement through satellites (Bourdon et al.,
2017). This allows for the quantification of several external load metrics, including
displacement (i.e., distance), velocity inferred from displacement (or more commonly
via the Doppler-Shift method), and acceleration obtained by velocity (Bourdon et al.,
2017). These metrics lay the foundation to calculate copious amounts of variables for
practitioners to analyse and integrate into their athlete monitoring model. Furthermore,
the utilisation of triaxial accelerometers is beneficial in the measurement of acceleration
guantities executed across all three planes of motion, with the ability to measure impact
forces resulting from collisions with other athletes (Scott et al., 2016). The versatility of
utilising GPS and accelerometers as a tool to monitor training load have become
common practice in high-performance settings as demonstrated by McGuigan et al.
(2020), who conducted a systematic review of the training monitoring methods used in
the field by coaches and practitioners, reporting all studies to have utilised GPS as a

monitoring method.

Despite the abundance of data available from GPS technologies, certain
methodological limitations can negatively impact data collection accuracy. The data
derived from GPS and accelerometers are susceptible to extraneous variations, often
termed “noise,” and are typically processed and analysed with algorithms and filtration
systems. However, these systems have been reported to be proprietary information, as
certain manufacturers do not make them available to the public (Bourdon et al., 2017).

The lack of transparency and ambiguity across GPS and accelerometry technology
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negatively impacts the validity of comparing data across studies and devices, as the data
may not be interchangeable. Furthermore, practitioners must be cautious and aware of
the data processing techniques employed by their specific devices manufacturer, to
maintain methodological consistency in their analyses and interpretations (Bourdon et

al., 2017).

Research on the validity and reliability of GPS devices in traditional sports
settings has been discussed extensively in previous literature (Kupperman et al., 2020;
Rago et al., 2020; Scott et al., 2016). Overall, the findings of Scott et al. (2016) suggest
that the interpretation of acceleration, deceleration, and directional change should be
approached with caution. As the accuracy of distance and velocity measurements
increases with higher sampling frequency, it appears that higher velocity movements
decrease GPS accuracy and reliability (Scott et al., 2016). Furthermore, the reliability of
GPS data is reduced when assessing sport-specific tasks that involve a change of
direction, or variable movement patterns such as kicking a ball, non-contact tackling, or
jumping (Kupperman et al., 2020; Scott et al., 2016). Of note, Rago et al. (2020) observed
that many practitioners prioritise the exploration of complex variables, over the
validation and reliability of the GPS devices. As outlined in Appendix B, there are a
copious number of external load variables, however, no current consensus on the most
appropriate monitoring system (Gabbett et al., 2017). This presents a challenge for
practitioners attempting to effectively monitor their athletes (Rago et al., 2020). As
discussed thoroughly by Bourdon et al. (2017), a significant challenge for practitioners
collecting GPS data is their ability to make meaningful inferences from the data
available, impacting the inferred internal response, and desired adaptation.
Furthermore, applied research contexts have developed thorough reporting standards
regarding the data collection process, however, practitioners may not be aware of the

various factors that can influence the final interpreted result (Rago et al., 2020).

Performance Tests and Neuromuscular Function

Performance tests and measurements of neuromuscular function are frequently

reported to be utilised in team sports environments (Aoki et al., 2017; Ferioli et al., 2018;
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Halson et al., 2014; McGuigan et al., 2020; Rowell et al., 2017). These types of
assessments are often incorporated into athlete monitoring models as they are simple
to administer and can be a direct measure of sport-specific improvements (McGuigan,
2017). However, dependent on the test and subsequent parameters, these assessments
can be highly fatiguing (McGuigan et al., 2020), or have little to no adverse internal
responses (Twist & Highton, 2013). Examples of common performance and
neuromuscular function tests include the counter-movement jump (CMJ), reactive
strength index (RSl), isometric mid-thigh pull, isokinetic dynamometry, force-velocity
profiling, Y-balance test, maximal and repeated sprint performance, and the Yo-yo
intermittent recovery test (Halson et al., 2014; McGuigan et al., 2020; Miguel et al.,
2021). Each test measures specific variables related to an athlete’s performance, such
as power output, velocity, endurance, and recovery. Some examples of these variables
include mean power, peak velocity, peak force, jump height, fatigue index, rate of force
development, ground contact time, and flight time. As discussed previously, there are
an increasing number of external monitoring methods at the disposal of sports coaches
and strength and conditioning practitioners. This creates a dichotomy between the
range of monitoring methods available and the doubts surrounding their efficacy and

validity.

The validity and reliability of these performance tests is not the focus of this
dissertation as they have been discussed extensively in previous research (Haines,
Bourdon, & Deakin, 2016; Louder, Thompson, Banks, & Bressel, 2019; Plisky et al., 2021;
Sulaiman et al., 2011). However, one of the more common neuromuscular tests is the
CMJ. The CMJ has been utilised as an external monitoring method in team sports to
evaluate readiness, performance, and recoverability (Aoki et al., 2017; Rowell et al.,
2017; Ferioli et al., 2018). The variables and inferences from CMJ data vary across sports,
for example, within basketball settings changes in jump height are the most reported
(Heishman, Daub, Miller, Freitas, & Bemben, 2020). However, across Australian Football,
rugby, and soccer CMJ has been utilised as a fatigue indicator by analysing specific force-
time characteristics that expose compensations in movement strategies (Cormack et al.,
2008; Gathercole et al., 2015; Rowell et al., 2017). Where the flight-time to contraction-
time ratio as an evaluation of jumping strategy has been validated as a reliable variable

in basketball (Heishman et al., 2019). Furthermore, authors have started to integrate
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other neuromuscular tests with the CMJ to quantify performance changes, such as the
modified RSI model (contraction-time / jump height) which provides an index of
explosiveness (Kipp et al., 2016). Thus, integrating performance and neuromuscular
function tests, such as the CMJ, into athlete monitoring models may provide insight into

the dose-response relationship of training.

Questionnaires and Self-report Measures

Training load and the subsequent responses to training can also be monitored
using questionnaires, diaries, and other self-report tools which can be relatively
inexpensive and simple to administer (Borresen & Lambert, 2009). Furthermore, the
psychological indicators captured from these tools have been reported to be more
sensitive and consistent than physiological indicators within overtraining studies
(Meeusen et al., 2013). These psychological inventories can be collected and assessed
rapidly (within minutes) compared to other internal and external monitoring methods,
such as biochemical blood markers or GPS, which can take up to several days or weeks
to evaluate (Bourden et al., 2017). However, one of the main limitations of these self-
report tools, is that they rely heavily on subjective information, where athletes can

manipulate data, and over- or under-estimate training load (Halson et al., 2014).

Several examples of these questionnaires, self-report tools, and subjective
measures that are frequently recommended in the literature and utilised within high-
performance settings exist. Such as the Profile of Mood States (POMS) (McNair et al.,
1992; Morgan et al., 1987) and its derivatives (Saw et al., 2017), the Recovery-Stress
Questionnaire for athletes (RES-Q- Sport) (Kellmann & Kallus, 2000; Kellmann & Kallus,
2001), various Acute Recovery and Stress Scales (Kellmann et al., 2016), Borg RPE (Borg,
1998), Session RPE (sRPE) (Foster, 1998), Daily Analysis of Life Demands for Athletes
(DALDA) (Rushall, 1990) and the Total Recovery Scale (TQR) (Kentta & Hassmen, 1998).
Determining which subjective instrument to implement can be challenging, as
practitioners need to identify not only the insights they wish to obtain but also the
method by which they will capture this data. Bourdon et al. (2017) suggest practitioners

should consider the following when choosing a questionnaire or self-report tool:
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I.  The validity and reliability; does the tool come with a detailed manual,
theoretical background, and empirical data?
II. Isthe tool designed for research purposes or feedback to coaches and
athletes?
lll.  The time frame of the tool; is it more global or specific?
IV.  Establish a clear feedback loop and intervention protocol.
V.  Avoid using data for selection purposes to prevent undermining compliance.
VI.  Display caution when deciding the detail and frequency of measurements

(Bourden et al., 2017).

2.3.3. Internal Monitoring

As discussed previously, external load monitoring strategies aim to quantify an
athlete’s work completed, capabilities, and capacities. In contrast, internal load refers
to the measurable “internal response factors within the biological system” (e.g., HR,
biochemical responses, and perception of effort) (Soligard et al., 2016). The monitoring
of these internal responses is crucial to understand how individual athletes are adapting
physiologically (Maupin et al., 2018). It is important to note, that even when athletes
are exposed to the same external stimulus, their internal response can vary. For
example, consider two athletes performing identical treadmill-based high-intensity
sprint intervals with the same work-to-rest ratio, velocities, and durations for each
sprint. However, factors such as fitness level, inherent physiological traits, recovery
status, and genetic variability can influence their unique internal response (Impellizzeri
et al., 2019). Therefore, it is imperative for coaches and practitioners to directly monitor

and assess internal load to induce the desired psychophysiological response.
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Perceived Exertion

Perceived exertion is a commonly utilised method of monitoring internal load,
as seen in Appendix A. The original 6 to 20 RPE scale was initially designed by Borg (1998)
to monitor the physiological stress during exercise and attempted to retrospectively
report the perceived effort of athletes after training and competition. This evolved when
Foster (1998) proposed the modified sRPE to quantify training load, by multiplying an
athlete's RPE (on a scale of 1-10), by the session duration (minutes). For example, if an
athlete completed a 30-minute training session and reported the RPE to be an 8 (on the
modified 1-10 scale), the athlete would have an sRPE of 240 (30 x 8) arbitrary units. This
approach has been demonstrated to be valid and reliable, with individual correlations
between sRPE and summated HR zone scores ranging from r =0.75 to 0.90 (Foster, 1998)
and blood lactate concentrations of r = 0.86 (Gabbett & Domrow, 2007). Whilst RPE is
well correlated with HR during steady-state exercise and high-intensity intervals,
however, it does not transfer over as well into short-duration high-intensity football
drills (Borresen & Lambert, 2008). Nonetheless, meta-analyses have reported that RPE
is a valid means of assessing exercise intensity, revealing strong weighted mean validity
coefficients for HR (r = 0.62), blood lactate (r = 0.57), and percentage of maximal oxygen
uptake (VO2max; r = 0.64). The RPE and sRPE scales were designed to reduce the need
for HR monitors or other methods of assessing exercise intensity. While both RPE and
SRPE methods are recognised for their simplicity, validity, and reliability, it is important
to acknowledge that incorporating HR monitoring, despite its widespread use, may have
limitations in explaining some of the variability observed in these measures. HR is often
utilised as a criterion for comparison, and can be influenced by factors beyond exercise
intensity, such as stress, hydration status, and individual metabolic variability, which
may not consistently align with the true physiological demands of the exercise or activity

(Halson et al., 2014).
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Heart Rate Variables

The monitoring of HR is a commonly employed method to assess internal load
and is utilised across a range of sports and environments, as reflected in Appendix A. HR
has been closely linked to metabolic rate (Michael et al., 2022) and has almost a linear
relationship with VO, during steady-state exercise (Hopkins, 1991; Strath et al., 2000).
This provides practitioners with valuable insight into the cardiovascular intensity of
training and competition as they can quantify the individual internal response to the
imposed training load (Impellizzeri et al., 2004). However, HR can be influenced by non-
metabolic factors such as environmental conditions and psychological stress,
furthermore, it is not sensitive to rapid changes in metabolic rate (Michael et al., 2022).
Typically, the percentage of maximum HR (HRmax) is used to prescribe and monitor
intensity for endurance and cardiovascular training (Borresen & Lambert, 2008).
However, there are several other variables derived from HR data that practitioners can
utilise in their toolbox to monitor training loads, such as HR recovery, HR reserve, and

HR variability (HRV).

For example, HR recovery has been suggested to be a marker of autonomic
function and training status in athletes (Daanen et al., 2012). The theory behind
monitoring HR recovery surrounds the indirect relationship between the sympathetic
(SNS) and parasympathetic (PNS) branches of the autonomic nervous system (ANS).
During exercise, SNS activity increases and is coupled with a reduction in PNS activity,
which causes an increase in HR and overall cardiac output to meet the increased demand
for oxygen. Once exercise stops, PNS activity increases to return the body to
homeostasis, through the decrease of HR and cardiac output. The rate at which HR
returns to its resting level during this recovery period (i.e., HR recovery), is directly
influenced by the balance between the SNS and PNS relationship. However, it is
important to note that HR recovery can also be influenced by various physiological
variables, including hydration status, body temperature, and individual genetic factors
(Daanen et al., 2012; Halson et al., 2014). These additional factors can contribute to the
overall understanding of HR recovery dynamics and should be considered when
interpreting HR recovery data. HR recovery is typically measured at the end of exercise

and at a specific fixed time interval(s) during the recovery period. The most common HR
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recovery method is the difference between HR at the end of exercise and HR 30-sec to
2-min post-exercise (Daanen et al., 2012). A faster HR recovery, or a greater decrease in
HR during the recovery period, is generally considered to be indicative of enhanced
levels of training status (Daanen et al., 2012). Furthermore, some authors discuss the
potential use of HR recovery as a tool for monitoring the accumulation of fatigue in

sporting populations (Daanen et al., 2012; Halson et al., 2014).

HRV is a non-invasive method to measure the fluctuation of time intervals
between heartbeats to evaluate the activity of the ANS in its sympathetic and
parasympathetic branches (Plews et al., 2013). Further, it is a useful tool for quantifying
ANS function by assessing the balance between SNS and PNS activity (Achten &
Jeukendrup, 2003; Aubert et al., 2003; Buchheit et al., 2014; Thayer et al., 2012), which
is an essential component of the interindividual variability in physiological responses to
training (Buchheit et al., 2014; Chandola et al., 2010; Shaffer et al., 2017). HRV reflects
the beat-to-beat variability and is calculated by measuring the time interval between
consecutive R waves in an electrocardiogram (Huang et al., 2019). HRV is an indirect
measure of SNS activity, due to the inconsistent fluctuations of RR intervals. In clinical
settings, a high HRV value is associated with efficient ANS function, healthy cardiac
function, reduced inflammation, and cognition flexibility during stress (Draghici &
Taylor, 2016; Myllymaki et al., 2012, Plews et al., 2013). Conversely, a low HRV value is
associated with inefficient ANS function, an increased potential for cardiac events,
maladaptive health outcomes, and reduced cognition in response to threats (Huang et
al., 2019). In sport contexts, HRV analysis is considered a useful monitoring method to
assess the cardiovascular system's ability to adapt to external and internal loads
(Parrado et al., 2010). Furthermore, researchers have demonstrated HRV analysis to be
a valuable tool to measure several physiological and performance-related factors,
including aerobic fitness (Koenig et al., 2014, Plews et al., 2014, Silva et al., 2013),
musculoskeletal injury (Gisselman et al., 2016), iliness (Hellard et al., 2011), and stress
recovery (Morales et al., 2014) and a useful assessment of internal responses to training
loads and recovery adaptations in athletes (Vesterinen et al., 2016; Williams et al.,
2017). Additionally, HRV has been examined as a potential marker of overtraining
syndrome (Kajaia et al., 2017). Literature suggests enhanced HRV values indicate more

PNS than SNS activation, and is indicative of enhanced recovery, “readiness,” and
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positive adaptations to training which some authors correlate with increased aerobic
fitness (Hellard et al., 2011; Kiviniemi et al., 2014; Le Meur et al.,, 2013; Ortigosa-
Mdrquez et al., 2017; Plews et al., 2013; Tian et al., 2013). However, more research is
required as the current body of evidence is inconclusive surrounding the relationship
between HRV and overtraining, as evidence reports increases, decreases, and no
changes in HRV among overtrained athletes (Halson et al., 2014; Halson & Jeukendrup,
2004; Hedelin et al., 2000; Le Meur et al., 2013; Mourot et al., 2004; Plews et al., 2013;
Plews et al., 2014). The inability to distinguish between different stages of overtraining

may contribute to the lack of consensus in the literature (Plews et al., 2013).

Several limiting factors may account for these inconsistent findings. HRV analysis
is subject to different methodological protocols (e.g., supine, standing, and 24-hr
recordings) and analysis techniques (e.g., time domain analysis, frequency domain
analysis, and non-linear analysis), which can affect the parameters obtained and the
interpretation of the results (Shaffer et al., 2017). Different HRV parameters may be
sensitive to different aspects of the HRV signal, resulting in variation across different
analysis techniques. This poses a challenge when interpreting and comparing HRV
results across different studies that utilise different analysis methodologies (Shaffer et
al., 2017). To address these limitations, some researchers have suggested including
weekly and seven-day rolling averages as part of athlete monitoring systems, as they
have been reported to have superior validity when compared to single-day
measurements (Plews et al., 2012). Examining and providing a comprehensive analysis
of all possible HRV indices is beyond the scope of this dissertation. However, to
summarise, researchers typically prefer the root mean square of successive differences
(rMSSD) due to its ease of data collection and calculation, lower coefficient of variation,
and lack of breathing frequency influence (Plews et al., 2013). As with most internal and
external monitoring methods, it is crucial to monitor HRV longitudinally and understand

individual responses to training load (Halson et al., 2014).
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Training Impulse

Training Impulse (TRIMP) is frequently used to measure the internal load of
athletes during training. It uses a combination of HR and duration to track the internal
load and evaluate changes in an individual's training status over time (Borresen &
Lambert, 2009). There are two primary TRIMP calculations: Banister's TRIMP and
Edward’s TRIMP. Banister's TRIMP formula is:

TRIMP = D(AHR Ratio)e?(#HR Ratio)
D = Training duration
b = Sex-dependent exponential coefficient (Males = 1.92; Females = 1.67)
e =2.71828

(HRexercise - HRrest)

AHR Ratio =
(HRmax - HRrest)

This model proposed by Bannister (Banister, MacDougall, & Wenger, 1991)
multiples an exponentially weighted average HR with the exercise duration, however, it
has limitations in accurately representing individual differences, and intermittent or
interval sessions. Because it is based on a standard lactate curve and only accounts for
a single average HR for an entire training session, it oversimplifies the complex nature
of training load (Campbell et al.,, 2017). The model proposed by Edwards (1993)

attempted to rectify this with the below formula:

(time spent in HR zone i X intensity coefficient i)

TRIMP = X
60

Where X represents the sum of the time spent in each HR zone, i represents the
specific HR zone, and the intensity coefficient i is derived from regression analysis of HR
responses to known exercise intensities. The division by 60 is to convert the TRIMP score
to a value per minute (Canino et al., 2020). This method multiplies the sum of time spent
in five pre-defined arbitrary HR zones and is multiplied by arbitrary coefficients for each
HR zone to quantify training load as presented in Table 2. Both TRIMP calculations
provide insight into the internal load experienced by athletes, with Banister's TRIMP
being a simple calculation and Edward's TRIMP providing a more nuanced measure of

internal load. Practitioners can utilise TRIMP as a useful tool to monitor the intensity of
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training over time, particularly in traditional sporting contexts (Borresen & Lambert,
2009). The application of Edward’s TRIMP model can eliminate the need to calculate

individual factors and can account for activity completed in different HR zones.

Table 2.

Summary of Edward's TRIMP HR Zones and Coefficients.

HR Zone % HRmax Coefficient
1 50-60% 1
2 60-70% 2
3 70-80% 3
4 80-90% 4
5 90-100% 5

HR = Heart rate, HRmax = Maximum heart rate

Biochemical monitoring

A plethora of research has emerged on the use of biochemical markers to
monitor the internal load of athletes over the last decade (Greenham et al., 2018; Halson
et al., 2014; Lee et al., 2017; McGuigan et al., 2020). Biochemical analysis provides
objective and quantitative data on the internal physiological response to stress and
exercise. This monitoring method involves measurements of various biomarkers in body
fluids such as blood, saliva, and urine (Lee et al., 2017). It is beyond the scope of this
dissertation to comprehensively review all available literature on the use of biochemical
markers within sporting populations. However, Figure 1 presents an approach to
biochemical marker analysis adapted from Lee et al. (2017). The approach outlines
various biomarkers associated with nutrition and metabolic health, hydration status,
muscle status, oxygen transport, injury risk, and inflammation to assist athletes and
coaches in interpreting their biochemical data and applying it in a meaningful and

practical manner.
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Figure 1. A Comprehensive approach to biomarker analysis, adapted from Lee et al.
(2017). Hemoglobin Alc (HbA1C), Free fatty acids (FFA), Blood urea nitrogen (BUN),
Arginine vasopressin (AVP), Testosterone (TST), Dehydroepiandrosterone (DHEA),
Insulin-like growth factor 1 (IGF-1), Sex hormone-binding globulin (SHBG), Luteinizing
hormone (LH), Cortisol (COR), Creatine kinase (CK), Blood urea nitrogen (BUN), Total
iron-binding capacity (TIBC), Neuron-specific enolase (NSE), C-reactive protein (CRP),
Complete blood count (CBC), Monocyte chemoattractant protein-1 (MCP-1), Soluble
intercellular adhesion molecule-1 (sICAM-1), Soluble cluster of differentiation 40 ligand
(sCD40L), Interleukin-1 beta (IL-1B), Interleukin-6 (IL-6), Interleukin-10 (IL-10),
Interleukin-8 (IL-8), Interleukin-12p40 (IL-12p40).
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A recent systematic review and meta-analysis conducted by Greenham et al.
(2018) investigated the changes in biochemical markers in response to intensified
training periods in athletes. This study aimed to identify the biochemical markers that
could serve as indicators of performance and physiological status. Identifying 118
individual biomarkers across 59 studies and 42 meta-analyses further demonstrates the
growing interest in biochemical markers as a monitoring method of athletic
performance (Greenham et al., 2018). However, the researchers were unable to identify
one single biochemical marker that could differentiate between an acute performance
reduction (due to an increase in training load/intensity), and non-functional
overreaching (caused by maladaptive responses to intensified training loads)
(Greenham et al., 2018). Furthermore, there was no clear relationship between the
levels of hormone concentrations or metabolite markers and changes in performance,
as identified by the inconsistent patterns of change across subgroups (Greenham et al.,
2018). However, some biochemical markers demonstrated significant changes in at
least one performance subgroup following intensified training and highlighted their
potential for monitoring the physiological conditions among well-trained male athletes
(Greenham et al.,, 2018). These markers included the TST:COR ratio, circulating
glutamine and urea concentrations, and neutrophil counts. Notably, the TST:COR ratio
exhibited sensitivity to performance improvements, as it was observed to increase in
studies where performance also improved (Greenham et al., 2018). Suggesting that the
TST:COR ratio could potentially serve as a marker to identify positive training
adaptations. Whereas, decreased circulating glutamine and increased urea
concentrations were observed in studies with decrements in performance (Greenham
et al., 2018). The authors suggest that these changes may be attributed to the utilisation
of glutamine as a fuel source for immune cells (Castell & Newsholme, 1998), and the
increase in urea concentrations is most likely a result of increased deamination of
branched-chain amino acids during intensive exercise (Graham, Turcotte, Kiens, &

Richter, 1997).

A recent systematic review which aimed to investigate the in-field monitoring
methods utilised by coaches and practitioners identified a limited number of studies
reporting the utilisation of biochemical markers (McGuigan et al., 2020). Furthermore,

the specific markers utilised were often not specified, restricting the understanding of
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what biochemical markers practitioners value and limiting the scope of future research
to enhance and refine these methodologies (McGuigan et al., 2020). However, blood
lactate was a specific marker mentioned consistently within the included studies as it is
an inexpensive monitoring method suitable for in-field use (McGuigan et al., 2020). The
limited use of biochemical analysis in practice can be attributed to several factors,
including the complexities and costs associated with sample collection and analysis. In
addition to potential confounding variables, such as training schedule, diet, hydration
status, and timing of sample collection, these factors should be considered (Halson et
al., 2014). There is currently limited literature surrounding the utilisation of biochemical
markers in practice. Therefore, it is recommended that coaches and practitioners
regularly assess a carefully selected panel of biochemical markers to provide objective

insight into the athletes’ internal response to training load.

2.3.4. Summary and Conclusion

In conclusion, load monitoring systems within athletic populations play a crucial
role in optimising performance and preventing injury. This narrative review discussed
the importance of implementing both internal and external monitoring methods when
tracking training load. External monitoring methods such as GPS, performance tests, and
self-report measures provide insight into the quantity of work completed by athletes.
Whereas internal monitoring methods such as HR, RPE, and biochemical analysis can
provide valuable insight into how the athlete is responding, recovering, and

subsequently adapting to training.

In summary, this chapter has provided a comprehensive overview of the
monitoring methods utilised within traditional sport environments and sets a
foundation for the following chapters to critically evaluate these methods within

specialist tactical populations.
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Chapter 3. Beyond the Arena: Exploring Internal and External

Load Monitoring Methods in Specialist Tactical Populations

The monitoring of athletes’ internal and external loads has been widely studied
in traditional sporting populations (McGuigan et al., 2020). However, there is limited
research on monitoring tactical groups, including law enforcement, military, fire, and
emergency response units, when compared to sport and other populations. Therefore,
this chapter builds on the foundation of internal and external monitoring methods of
training load established within Chapter 2 and aims to present the current research
within this field while identifying the current gaps between research and practice
(further elaborated in Chapter 3). Tactical populations have a wide range of tactical
operators and hierarchies under their jurisdiction, and the specific operational
objectives and tasks vary between groups (Alvar et al., 2017). Therefore, the scope of
this chapter will include “specialist tactical populations” that may be required to work
within combative environments (i.e., law enforcement, defence forces etc.). The specific
operational objectives and tasks vary between specialist groups, however, there are
similar metabolic demands as these groups may be required to deploy into copious and
varying environmental conditions (Alvar et al., 2017). Furthermore, the bioenergetics,
physiological demands, and operational environments of fire and emergency response
populations differ significantly from combative roles (Abel, Sell, & Dennison, 2011; Alvar
et al., 2017; Perroni et al., 2010; Peterson, Dodd, Rhea, Alvar, & Gray, 2004; Roberts,
O'Dea, Boyce, & Mannix, 2002), and a large proportion of the literature surrounding
their normative data have been conducted in laboratory settings (Perroni et al., 2010).
Therefore, a comprehensive discussion of internal and external monitoring measures in

these tactical populations is beyond the scope of this dissertation.

This chapter aims to review all current literature related to the monitoring of
internal and external loads in specialist tactical populations. This dissertation identified
thirty-three (n = 33) studies which met the inclusion and exclusion criteria and utilised
any internal or external monitoring method in specialist tactical populations. These
studies reported a variety of outcomes and methodologies, however, all authors
reported upon the significant physical and psychological loads these operators tolerate.

Specialist tactical populations perform physically and cognitively strenuous tasks in
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some of the most arduous environmental conditions on the planet (Alvar et al., 2017).
Further, they are required to be operationally ready and possess a well-developed range
of physiological and technical capabilities to execute their occupational requirements to
the highest standard (Anderson, Plecas, & Segger, 2001). The operational demands of
specialist tactical populations often include substantial all-terrain hikes, foot and vehicle
pursuits, forcible entry, armed and unarmed close-quarter combat, subduing suspects,
and fire suppression whilst under substantial external load (Alvar et al., 2017; Anderson

et al., 2001; Irving, Orr, & Pope, 2019).

In a study conducted by Irving et al. (2019), specific insights were gained into the
operational realities of specialist police within the Australian-New Zealand Counter-
Terrorism Committee. The authors reported on the typical operational tasks undertaken
by these police officers, highlighting several noteworthy findings. Finding that the most
common operational task was "high-risk warrants," accounting for 61% of all operations,
followed by "rural operations," which accounted for 11% of all operations. These results
suggest that the operational tasks of specialist tactical police units can vary significantly
both within and between geographical locations. Furthermore, the study found that
during these operations, 84% of police officers were carrying a full operational load and
personal protective equipment (PPE), while 74% were carrying external loads in the
form of specialist equipment (e.g., ballistic shields, ammunition, and battering rams), in

addition to their full operational load and PPE.

The operational environment of the Defence Forces has been referred to as an
“anaerobic battlefield” (Mala, Szivak, & Kraemer, 2015), where military personnel are
required to perform physically demanding tasks that are often anaerobic, such as load
carriage, sprinting, offensive/defensive manoeuvres, evacuation, and heavy and
repetitive lifting (Alvar et al., 2017; Friedl et al., 2015; Maupin et al., 2018). While
extended load carriage is rarely required beyond 24-km in recent operational conditions
(Friedl et al., 2015), it is important to recognise the role of aerobic conditioning during
combat scenarios. Optimal aerobic conditioning allows for prolonged task performance
at a lower percentage of individual VO,max (Friedl| et al., 2015), reducing the onset of
fatigue and preserving cognitive function (Alvar et al., 2017). Additionally, military

personnel must be “game-ready” throughout prolonged and often open-ended
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deployment phases, requiring a well-developed range of physiological and technical
capabilities to execute their occupational requirements. Therefore, it is essential
operators possess the necessary physical conditioning and technical skills to perform at

their best during these demanding and unpredictable operational situations.

During tactical operations, operators are required to perform physical and
cognitive tasks to the highest standard. Alver et al. (2017) reported that these tasks
often involve carrying an additional load of approximately 80% of their body weight
during operations, which can exacerbate the physiological demands of the mission.
However, despite the added challenge of this external load, the tasks and objectives do
not change. This external load varies in shape, mass, and equipment across the different
facets of specialist tactical populations. Often including protective clothing/armour,
breathing apparatus, stab-resistant vests, and occupational-specific equipment (e.g.,
torches, radios, water, medical devices, firearms, ammunition, ballistic shields, forcible

entry tools etc.).

It is generally considered that within combat operations, the ability to move
quickly under heavy load is advantageous (Mala, Szivak, & Kraemer, 2015). However,
the additional load carried by specialist tactical operators can negatively affect their
dynamic postural stability and mobility, as demonstrated by Sell et al. (2016) and
supported by Carlton et al. (2014). Sell et al. (2016) reported that body armour increased
the medial-lateral and anterior-posterior stability index by 10% during single-leg jump
landings in soldiers, likely due to increased ground reaction forces when the load was
increased. These findings are reiterated by Carlton et al. (2014), who reported an inverse
relationship between load and mobility with tactical populations. Similarly, several
studies have reported decreased mobility and endurance performance with additional
load within tactical populations. Pandorf et al. (2002) identified a 44% increase in 3.2-
km run time, with an additional 41-kg load. Harper et al. (1997) identified an increase of
27% in extended endurance tasks (10-km run time) when the load was increased from
body weight by 36-kg. Additionally, a New Zealand study conducted on police by
Dempsey et al. (2013) found that mobility tasks decreased by an average of 13 to 42%
after a 5km loaded run. Suggesting that accumulative fatigue may also play a role in

performance under load.
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A plethora of studies have shown that energy demand increases with additional
load (Beekley, Alt, Buckley, Duffey, & Crowder, 2007; Dempsey et al., 2013; Knapik et
al., 2004; Looney et al., 2018; Robinson et al., 2018). For example, Dempsey et al. (2013)
reported the effects of police body armour, finding significant increases in subjective
fatigue (measured by RPE), oxygen consumption (VO:max), HRmax, and respiratory
exchange ratio (RER) (p < 0.001 across all measures). Similarly, Beekley et al. (2007)
reported that soldiers experienced a linear increase in VO2max, ventilation, HR, and RER
when carrying loads of 30, 50, and 70% of their lean body mass (LBM), to the extent that
two subjects could not complete the 6-kmph 30-min loaded march at 70% LBM.
Additionally, anaerobic tasks are also impaired during load carriage. Laing Treloar et al.
(2011) observed significant increases (p < 0.01) in 30-m sprint time between unloaded
(combat uniform and boots) and loaded (combat uniform, boots, and 21.6-kg) soldiers.
Interestingly, 51.7% of this increase was within the first 5-m. Although this finding is not
surprising given the subjects initiated the test from the prone position, it does highlight
the significant impact of load on mobility, reiterating the results of Dempsey et al.

(2013).

3.1 Research Methods

This systematic review complied with the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) (Moher et al., 2010).

3.1.1. Search strategy

The search was conducted across PubMed and the Auckland University of
Technology Library databases. Pubmed was the primary database utilised as it is the
leading source of medical, scientific, and technical research worldwide. Titles, abstracts,
and keywords were searched for combinations of the following terms with an “*”
indicating a truncation: law enforcement, police*, Military, Defence force*, solider*
AND load*, internal load, external load, training load, load monitoring. Databases were

searched from 1980 until 11t June 2022 and were required to meet the following

inclusion criteria:
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VI.

The study recruited human subjects that were employed as a tactical
operator (all ages, sexes, and units will be included), or they were
completing the task(s) of these occupations.

The study reported using a monitoring method related to internal or
external load.

The study reported on internal or external load in relation to a stressor.
The study was peer-reviewed and written in the English language.
Studies will be included if they are descriptive, correlational, exploratory,
or observational.

Additionally, the reference lists of the included studies were searched to

collate relevant studies that also met the inclusion criteria.

Exclusion criteria were as follows:

VI.
VII.
VIII.

Reviews of any kind will be excluded.

PhD Dissertations will be excluded.

Conference proceedings will be excluded.

Standalone abstracts will be excluded.

Unpublished studies will be excluded.

Study cases will be excluded.

Studies will be excluded if primary aim surrounds injuries.

Studies will be excluded if primary question surrounds nutrition.

3.1.2. Study Selection

Firstly, articles were screened by their title, abstract, and keywords. If no

contradiction to the inclusion criteria was present, screening proceeded to full text as

represented in Figure 2.
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Figure 2. PRISMA Selection of Studies Flow Chart

3.1.3. Data-evaluation and quality appraisal

The quality of each study (including the potential for bias) was assessed using

the Joanna Briggs Institute (JBI) Critical Appraisal Checklist (Aromataris et al., 2015).
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3.2 Results

3.2.1. Search Results

A total of 92 records were retrieved from the initial search with 10 of these being
removed as duplicates. Following this, 61 articles were assessed for eligibility with 52
being sought for retrieval. Of the 73 retrieved, 33 met the inclusion criteria and were
included within the systematic review (Figure 2). The participant populations of the 33
included studies were Military/Defence forces (n = 1397), Army (n = 831), Air Force (n =
29), Tactical Police (n = 143), Police (n = 203), Civilians (n = 11). Most studies reported
on at least one internal load variable (n = 30). Studies reported using only internal
monitoring methods (n = 12) were significantly higher than those incorporating both
internal and external (n = 18); three utilised only external measures (n = 3). Table 7

provides a summary of the included studies.

3.2.2. Evidence Quality

To assess the methodological quality of each study, the JBI’s critical appraisal
checklist was utilised (Aromataris et al., 2015). This checklist consists of several key
criteria that were used to evaluate the evidence presented in the studies and is

presented in Table 3:

Was the study question or objective clearly stated?
Was the study design appropriate for the research question?
Was the recruitment strategy appropriate to the aim of the research question?

Were the study participants and the setting described in detail?

v A o hpoE

Were the exposure factors and the outcomes measured in a valid and reliable

way?

6. Was the statistical analysis appropriate for the study design and the research
question?

7. Were the results clearly presented?

8. Was the discussion of the results logically organized and well-presented?

9. Was the study free from important biases?
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10. Was there a discussion of the limitations of the study?
11. Was the study generalizable to the population from which it was drawn?

12. Are the findings important for clinical practice or health policy?
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Table 3.

Breakdown of Quality Assessment

Study 1 2 3 4 5 6 7 8 9 10 11 12 Quality
Blacker et al. (2009) Yes Yes Yes Yes Yes Yes Yes Yes Unclear Yes Yes N/A 10/11
Canino et al. (2020) Yes Yes Yes Yes Yes Yes Yes Yes Unclear No Yes N/A 9/11
Clemente-Suarez et al. (2013) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
Conkright et al. (2021) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
Drain et al. (2017) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
Friedl et al. (1995) Yes Yes Yes No Yes Yes Yes Yes Yes No Yes N/A 9/11
George et al. (2015) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
Grant et al. (2016) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
Hormefo-Holgado et al. (2019) Yes Yes Yes Yes Yes Yes Yes No Yes Yes Yes N/A 10/11
Irvining et al. (2019) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes N/A 11/11
Johnson et al. (2018) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes N/A 11/11
Jouanin et al. (2004) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
Jurvelin et al. (2010) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes N/A 11/11
Knapik et al. (2007) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes N/A 11/11
Lockie et al. (2020) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes N/A 11/11
Nikolova et al. (2007) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
O'Leary et al. (2018) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes N/A 11/11
Ojanen et al. (2018) Yes Yes Yes Yes Yes Yes Yes Yes Unclear Yes Yes N/A 10/11
Palvina et al. (2021) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes N/A 11/11
Richmond et al. (2012) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
Richmond et al. (2014) Yes Yes Yes Yes Yes Yes Yes Yes Yes No Yes N/A 10/11
Salonen et al. (2019) Yes Yes Yes Yes Yes Yes Yes Yes Unclear No Yes N/A 10/11

Sanchez-Molina et al. (2018) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes N/A 11/11



Tait et al. (2022)
Tanskanen et al. (2011b)
Tanskanen et al. (2011a)

Tomes et al. (2021)
Tornero-Aguilera et al. (2017)
Tornero-Aguilera et al. (2018)

Vikmoen et al. (2020)
Wilkinson et al. (2008)
Winters et al. (2021)
Wyss et al. (2012)

Yes
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Yes
Yes
Yes

Yes

Yes
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Yes
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Yes

Yes
Yes
Yes
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Yes

Yes
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Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes
Unclear
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes
No
No
No

Yes

Yes

Yes
No

Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

11/11
8/11
10/11
10/11
11/11
11/11
11/11
10/11
11/11
11/11
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3.3 Discussion

3.3.1. Training Load

Training load is often referred to within traditional sporting contexts as the
players' response to the imposed stimulus over time (Soligard et al., 2016). The
International Olympic Committee agreed on the definition of training load to be “the
cumulative amount of stress placed on an individual from single or multiple training
sessions (structured or unstructured) over a period of time” (Soligard et al., 2016). This
definition is general and unspecific, to encompass both sports medicine and exercise
physiology literature. Furthermore, this definition of training load incorporates the basic
principle of General Adaptation Syndrome and subsequently the Stimulus-Fatigue-
Recovery-Adaptation response of training theory (Alvar et al., 2017). The accumulation
of fatigue is the initial response to an external stimulus resulting in an acute period of

I “"

reduced performance capacity and operational “readiness.” The magnitude of this
reduction is primarily dependent on the extent and duration of the external stimulus.
Once the acute fatigue response reaches its apex, a recovery phase will occur. Resulting
in the dissipation of the accumulated fatigue and subsequent increase in performance

capacity and operational readiness of the individual.

To assess, track, and measure training load, it can be divided into internal and
external methods (Chapter 2). Typically, the term “load” is used interchangeably with
“external load” (Soligard et al., 2016), however, for this dissertation external load will
refer to any measurable externally applied stimulus, which is independent of their
internal characteristics (e.g., frequency, duration, and type of training, time-motion
analysis, or Acute:Chronic load ratio) (Maupin et al., 2018; Soligard et al., 2016). The
externally applied stimulus will result in both physiological and psychological responses
within the individual. Therefore, internal load refers to the measurable “internal
response factors within the biological system” (e.g., HR,
biochemical/hormonal/immunological response, perception of effort, or psychological
inventories) (Soligard et al., 2016). Monitoring training load through external variables
provides insight into the work completed, capabilities, and capacities of the individual.

Whereas internal load monitoring is essential to establish how the individual is



responding and adapting physiologically (Maupin et al., 2018). As identified in the
previous chapter, there are a copious number of variables to measure training load.
However, their validity as markers of adaptation and/or maladaptation to training load
is limited, as no single response marker consistently predicts injury or maladaptation
(Borresen et al., 2009; Halson et al., 2014; Meeusen et al., 2013). Therefore, it is critical
to compare and contrast both internal and external monitoring methods against each
other in order to ascertain the appropriate Stimulus-Fatigue-Recovery-Adaptation
response for the specific training period, as individuals may respond differently to the
same external stimulus (Alvar et al., 2017). For example, individuals may present the
same relative output (e.g., load-carriage and kilometres travelled) across several
operations or training bouts, however, their ability to respond to this output (e.g., RPE
and HRV) may differ significantly between individuals (Halson et al., 2014). The
individual response differences are of paramount importance for specialist tactical

I o"

operators. These responses provide insight into overall operational “readiness,” by
providing quantitative and qualitative data to predict whether individuals are in a
physiological and psychological state to tolerate high training and operational loads.
Additionally, this data can potentially identify individuals with a greater risk of injury and

decreased performance (Halson et al., 2014).

3.3.2. Training Load in Tactical Populations

Compared to the traditional sporting context of measuring variables of internal
and external load, there are several challenges in capturing this data within tactical
populations. Operational (i.e., external) load and therefore demands within tactical
environments are often variable and unstructured, with incidental periods of activity
across field exercises, physical training, and other operational tasks (Michael et al.,
2022). Specific operational tasks and objectives vary between groups. Operational tasks
can include substantial all-terrain hikes, foot and vehicle pursuits, forcible entry, armed
and unarmed close-quarter combat, subduing suspects, and fire suppression whilst
under substantial external load and internal demand (Alvar et al.,, 2017; Anderson,
Plecas, & Segger, 2001; Burley et al., 2020; Irving, Orr, & Pope, 2019; North Atlantic

Treaty Organisation, 2009; Schuh-Renner et al., 2017; Wilkinson, Rayson, & Bilzon,
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2008). Furthermore, Irving et al. (2019) reported specific insights into the realities of
specialist police within the Australian-New Zealand Counter-Terrorism Committee. One
finding was that the most common operational tasks were “high-risk warrants” (61%);
followed by “rural operations” (11%). Further suggesting that the operational tasks can
vary greatly between each specialist police unit and geographical location. Additionally,
during 84% of these operations individuals were carrying full operational load and PPE
and 74% were carrying external load in the form of specialist equipment (e.g., ballistic
shields, ammunition and battering rams) in addition to their full operational load and
PPE. These operational tasks are often challenging to quantify due to the varied external
and mechanical load, and subsequent physiological (internal) responses. Which are all
directly influenced by geographical location, terrain, threat profiles, load carriage, and
other operational requirements (North Atlantic Treaty Organisation, 2009). There has
been an attempt within the literature to identify the physiological demands of tactical
operations. For example, Canino et al. (2020) quantified the metabolic demand of
tactical operators utilizing indirect calorimetry, however, these techniques are
impractical to implement into typical field usage due to the need for specialised
equipment, time-consuming procedures, and the controlled environment required for
accurate measurements. Additional research has provided quantitative and qualitative
insight into the operational demands of tactical operators utilizing questionnaires, self-
reported activity logs, and direct observation (Irving et al., 2019; O'Leary et al., 2018;
Redmond et al., 2013; Simpson et al., 2013; Tait et al., 2022; Tanskanen et al., 2011;
Trank et al., 2001). However, it should be noted that literature has demonstrated there
can be significant variation in genuine activity completed compared to training logs
(Moran et al., 2013). Additionally, Redmond et al. (2013) reported manual logs as having
inconclusive validity. This further reiterates that whilst these methods are insightful,
they cannot provide quantitative data on internal responses and loads. Suggesting, they
are not practical for use outside of a controlled training environment (Michael et al.,

2022).

There are numerous methods to measure and quantify training and operation
load reported within current research (Soligard et al., 2016). However, there is limited

incorporation of specialist tactical populations. The following sections will report and

45



explore the various techniques and methods whilst addressing their limitations within a

tactical environment.

3.3.3. Measures of External Load

GPS

Over the past ten years, geolocation data obtained from GPS have accelerated
the field of athlete monitoring within team-based field sports (Kupperman et al., 2020).
Several kinematic variables can be derived from GPS data, primarily distance, speed,
acceleration, and deceleration from displacement and velocity (Kupperman et al., 2020).
Unfortunately, there are technological and logistical constraints that have significantly
restricted the use of GPS within tactical environments (Maupin et al., 2019; Michael et
al., 2022). One of the primary risks associated with GPS monitoring surrounds security
concerns. Compared to traditional sporting populations, the interception of geolocation
data may result in critical security breaches. A recent example of this was identified
when GPS tracking company Strava published a “Global Heat Map” that illuminated
high-use areas (Sly, 2018). This resulted in the location of secure U.S. Military bases
being comprised, due to operators tracking their personal activity. The transmission of
data to public servers and social media is a security concern for tactical operators which
often embargos the use of GPS devices within deployed and operational environments.
This is reflected within the literature, with limited uses of GPS as a monitoring tool

outside of a basic-training setting.

There were only three studies (n = 3) identified within this dissertation utilising
GPS-derived data as a load monitoring tool. These findings were consistent, however,
varied in tactical/operational environments; including basic training (O'Leary et al.,
2018), simulation models (Clemente-Suarez et al., 2013), and special forces training
(Johnson et al., 2018). One study on special operation forces (SOF), utilised GPS to
quantify the external loads (distance, velocity, elevation) undertaken by operators to
compare hot and cold environments (jungle and glacial respectively) (Johnson et al.,

2018). SOF operators carried on average 23.5-28.6-kg of external load between each
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exercise, with slightly more weight during the glacial exercise in the form of additional
clothing. During the jungle exercise, operators covered 14.4-km with average speeds of
3.9-kmph and an elevation gain of 164-meters. Comparatively, during the glacial
exercise, operators covered 13.3-km with average speeds of 0.97-kmph and elevation
gain of 1146-m. These findings are reiterated across a 14-week basic training course,
where recruits covered approximately 12 to 14-km per day, with the majority of
movement speeds (>90%) reported at low to moderate velocities (0 to 10-kmph)
(O'Leary et al., 2018). Further, a sex-time interaction for distance was identified, where
men completed a significantly greater distance each day (~1.64-km). However, this
additional distance was accrued across speeds of ~10-kmph (O'Leary et al., 2018).
Furthermore, individualized speed zones were established in relation to individual 2.4-
kilometer run speed. It was identified that women completed more distance at speeds
of 100% and between 25 to 50% of their 2.4-km run speed. O’Leary et al. (2018) go on
to suggest that the least fit individuals within a unit limit the intensity of the activities
undertaken, which is supported by the data reporting women completing more distance
in the faster individual speed zones, however, completing less distance in the faster
arbitrary speed zones. Similarly, Clemente-Suarez et al. (2013) reported soldiers
completing maximum speeds of 17.9 £ 2.2-kmph and 10.5 = 7.6-kmph in asymmetrical
and symmetrical combat simulations respectively. This difference between the
symmetry of combat simulations is a consequence of soldiers performing fast
transitional movements from one piece of cover, position, or room, to the next within
asymmetrical combat (Clemente-Suarez et al., 2013). Compared to symmetrical combat,
which is typically more continuous in nature, and does not require high changes in
speed. However, across both simulations over 50% of the distance covered was
performed at relatively low speeds (squatting, walking, or slow marching) further

reiterating the findings of O’Leary et al. (2018).

One of the main limitations of primarily relying on GPS-derived data is that it
does not provide information surrounding variables which are relevant for tactical-
specific operational tasks, such as load carriage, shooting, and other movement types
(e.g., crawling, squatting, quartering etc.). Over recent years the accuracy of GPS has
improved. However, this is heavily dependent on sampling frequency (Rago et al., 2020;

Kupperman et al., 2020), and has exhibited poor validity within sports settings (Bourdon
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et al., 2017). Furthermore, as discussed in Chapter 2, Bourdon et al. (2017) suggests the
different proprietary algorithms from different devices can result in inter- and intra-unit
reliability and validity issues, often substantially influencing outcome measures.
Additionally, some GPS models (without inbuilt accelerometers) require a satellite
connection, and therefore may not be feasible within a tactical environment that often

alternates between indoor and outdoor operations.

Accelerometers

Accelerometers are a form of inertial tool that measures proper acceleration (the
rate of change of velocity on a body's individual rest frame). Accelerometers aid in
quantifying external load by reporting on the magnitude and frequency of acceleration
on specific body segments. Working in tandem with magnetometers and gyroscopes,
accelerometers can provide quantitative insight into several variables within dynamic
environments including resistance training monitoring, impact quantification, and
movement reconstruction (Adesida et al., 2019; Bourdon et al.,, 2017; Mavor et al.,
2020). The field of accelerometry is rapidly expanding and developing where
accelerometers are used across a plethora of industries and sciences, within varying
levels of complexity. Within non-combatant environments, accelerometers are
frequently used to quantify physical activity and sleep while being cost-efficient and
non-invasive on the wearer (Migueles et al., 2017). Within tactical populations
accelerometers are often used to quantify general aspects of physical activity, therefore,
this will be the focus of this dissertation. For example, Booth et al. (2003) demonstrated
that accelerometers can be utilized within tactical settings for prolonged durations (12-

day training exercise) and accurately measure sleep fluctuations and physical activity.

This dissertation identified thirteen studies (n = 13) which met the inclusion
criteria and utilized accelerometers as part of their research. These studies reported a
variety of outcomes and methodologies. Most studies attached via a chest strap (Drain
et al., 2017) or alongside a HR monitor (Clemente-Suarez et al., 2013; Jurvelin et al.,
2020; O'Leary et al., 2018; Richmond et al., 2012), whilst others attached the device

around the “trunk” either at the lumbar spine and waist, (Blacker et al., 2009; Ojanen et
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al., 2018; Richmond et al., 2014; Wilkinson et al., 2008) or hip (Knapik et al., 2007; Wyss
et al., 2012). Only two studies utilised a non-dominant wrist placement (Tanskanen et
al., 2011; Vikmoen et al., 2020). It is difficult to collect and interpret data within real-
time tactical operations, therefore, all reported studies were either across some form
of basic training (Blacker et al., 2009; Drain et al., 2017; Jurvelin et al., 2020; Knapik et
al., 2007; O'Leary et al., 2018; Richmond et al., 2012; Tanskanen et al., 2011; Wilkinson
et al., 2008; Wyss et al., 2012), field exercise (Ojanen et al., 2018), combat simulation
(Clemente-Suarez et al., 2013), or selection course (Richmond et al., 2014; Vikmoen et
al., 2020). All studies had a substantial duration of data collection, ranging from 6-days
(Vikmoen et al., 2020) to 24-weeks (Wilkinson et al., 2008), whilst the majority were ~8-
12 weeks. The collective findings of these studies suggest that specialist tactical
populations undertake high external training loads. As reported by multiple studies, the
average distance covered across basic training was 11 to 14-km per day (Knapik et al.,
2007; O'Leary et al., 2018; Ojanen et al., 2018; Wyss et al., 2012). One study reported
an average of 5,632 * 276 steps during physical training sessions (Drain et al., 2017).
Interestingly, when separated by sex, men completed significantly more distance than
women; on average 1.6-km per day (P < 0.001) as identified by O'Leary et al. (2018).
Clemente-Suarez et al. (2013) reported soldiers moving at maximum speeds of 15.5 +
5.1-kmph with full operational loads, with higher overall impacts, movement, and sprint
speeds within asymmetrical combat simulations. This heightened level of physical
activity was reiterated within basic training (Wilkinson et al., 2008) and selection courses
(Richmond et al., 2014). Wilkinson et al. (2008) reported a mean PAL (average physical
activity levels; derived by average daily total EE/BMR [energy expenditure/basal
metabolic rate; estimated using Doubly Labelled Water]) value of 2.45 across the
duration of the 24-week Parachute Regiment training course. The PAL classification
system would consider these values “high” (values greater than 1.85), and almost “very
high” (2.5 and above) (Bouten et al., 1996). Westerterp et al. (2001) have suggested
civilian populations will have difficulty maintaining energy balance with PAL values over
2.5. These values were reported across an 8-week arduous training course where the
average PAL value across weeks two and three was 2.5 + 0.1, which increased in weeks
six and seven to 2.7 + 0.2 (Richmond et al., 2014), further validating the significant
external loads undertaken by specialist tactical populations. However, an important

observation from the collated studies was that most physical activity was reported to be
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low or moderate during operational tasks, of <6 METs (metabolic equivalents) (Jurvelin
et al., 2020; Ojanen et al., 2018). This can be identified through the work of Ojanen et
al. (2018) who reported shooting training to be the operational task in which operators
spent the most time within vigorous activity (>6 METSs). Individuals spent 12:50 #
5:59min >6 METs compared to the 2:34:19hrs within 1.5-3 METs (sedentary or light
intensity). Furthermore, during the military field task, operators spent 3:35 + 1:52min

>6 METs compared to 3:03:27 £ 0:23:24hrs at 1.5-3 METs.

As discussed in Chapter 2, there are several limitations to using GPS and
accelerometers to measure external load. Similar to GPS, accelerometers only provide
information about a kinematic variable (i.e., external load), without indicating the cause
or result of the motion (i.e., internal load). This makes it challenging for practitioners to
make meaningful inferences from the data available, as it cannot directly be evidence
of the physiological internal response associated with motion, such as inter- and intra-
muscular reactions, ground reaction forces, and energy expenditure (Bourdon et al.,
2017; Michael et al., 2022). Furthermore, the studies identified in this dissertation relied
on algorithms and filtering systems to analyse the raw accelerometer and GPS data,
which have been reported to be proprietary information (Migueles et al., 2017). The
algorithms and filtration systems found in these micro-technologies, are not available
to the public and create ambiguity surrounding specific thresholds when capturing
slower movements (Migueles et al., 2017). The lack of transparency and ambiguity
across accelerometry technology negatively impacts the validity of comparing data
across studies and devices, as the data may not be interchangeable. Furthermore, the
algorithms have been calibrated for civilian and traditional sports environments and
may not accurately capture movement patterns specific to tactical operating
environments (Migueles et al., 2017). To address this issue, research has attempted to
develop a multivariate model to predict energy expenditure in tactical operating
environments (Horner et al., 2013). Future research should focus on developing specific
algorithms and filtering systems for tactical operating environments and movements, to
enhance the accuracy, reliability, and validity of these devices in operational settings.
For example, Garmin has recently marketed their Garmin Tactix 7 as a smartwatch for
outdoor and tactical use. At the time of writing, there is currently no available data or

information that suggests Garmin have developed or enhanced its previous algorithms
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and filtering systems to improve the validity within tactical environments. However, this
opens the door for future research, innovation, and development of software or
firmware to help enhance the utility of these mainstream wearable devices in tactical

populations.

Neuromuscular Performance Tests

The utilisation of neuromuscular performance tests has been extensively
reviewed in traditional sports environments (Aoki et al., 2017; Ferioli et al., 2018; Halson
et al., 2014; McGuigan et al., 2020; Rowell et al., 2017). These evaluations are commonly
integrated into athlete monitoring models due to their ease of administration and their
potential to directly measure sport specific improvements (McGuigan, 2017). However,
the degree of fatigue induced by these assessments can vary depending on the specific
test and its associated parameters (McGuigan et al., 2020), with some test eliciting

minimal or no adverse internal responses (Twist & Highton, 2013).

This dissertation identified eight studies (n = 8) which met the inclusion criteria
and utilised neuromuscular performance tests as part of their research. These studies
reported a variety of outcomes and methodologies (Conkright et al., 2021; Hormefio-
Holgado et al., 2019; Lockie et al., 2020; Ojanen et al., 2018; Salonen et al., 2019;
Tornero-Aguilera et al., 2017; Vikmoen et al., 2020; Winters et al., 2021). The most
common monitoring method reported from these studies was lower limb
isometric/isokinetic strength (Conkright et al., 2021; Salonen et al., 2019; Winters et al.,
2021), vertical jump or CMJ (Conkright et al., 2021: Tornero-Aguilera et al., 2017;
Vikmoen et al., 2020), and horizontal jump (Hormefo-Holgado et al., 2019; Ojanen et
al., 2018; Winters et al., 2021), other assessments included handgrip strength
(Hormefio-Holgado et al., 2019; Salonen et al., 2019), electromyography (EMG) (Lockie
et al., 2020; Salonen et al., 2019), shoulder strength (Winters et al., 2021), upper body
muscular endurance (Ojanen et al., 2018), upper body muscular power (Vikmoen et al.,

2020), and trunk strength (Ojanen et al., 2018; Winters et al., 2021).
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The majority of the included studies predominantly reported insignificant
changes in neuromuscular performance assessments (Conkright et al., 2021; Hormenio-
Holgado et al., 2019; Salonen et al., 2019; Tornero-Aguilera et al., 2017; Winters et al.,
2021). For example, lower limb isometric/isokinetic can be affected differently in
response to various training scenarios. In short-duration training exercises lasting less
than 7-days, studies have shown that strength levels tend to remain relatively
unaffected (Conkright et al., 2021; Salonen et al., 2019). However, a separate study
conducted by Winters et al. (2021) focused on chronic training adaptation and found
that over a 15-month period of Marine Raider Training, there was a significant
improvement in strength. This contrast highlights the importance of distinguishing
between the short-term effects of training-induced fatigue and the long-term benefits

of chronic training adaptation.

One noteworthy finding pertains to vertical jump or CMJ height. Reports on the
impact of military training on vertical jump height have been inconclusive. Some authors
have reported insignificant changes in performance (Tornero-Aguilera et al., 2017),
while others have identified a 6% decrement following a four-day training exercise
(Conkright et al., 2021). Notably, significant changes have been observed in special
forces selection courses (Vikmoen et al., 2020). Following the selection exercise, vertical
jump height significantly decreased in both men and women (p < 0.001), corresponding
to an 18-19% reduction (Vikmoen et al., 2020). Furthermore, both male and female
vertical jump height remained significantly impaired (-6.6 + 2.8-cm, -16.9 + 6.0%; and -
2.7 £ 2.5-cm, -8.9 + 8.3% respectively) for the following two-weeks after the selection
exercise (Vikmoen et al.,, 2020). Interestingly, men experienced greater percentage
reductions in jump height compared to women 72-hrs post selection (-23.8 £ 6.1% and
-14.3 + 8.0% respectively). While the findings from special forces selection courses
provide valuable insights into the physiological response to highly demanding and
specialised training, it is essential to acknowledge the unique nature of these training
and selection environments. Special forces selection courses and the subsequent
exercises/activities are designed to rigorously assess candidates’ physical and mental
capabilities, often through subjecting them to extreme physical stress. As such, the
observed reductions in vertical jump height may not necessarily reflect the typical

operational demands of military personnel. Furthermore, the physical demands and
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tasks of military operations (e.g., load carriage, land navigation, environmental
conditions, and combat engagements), may differ and extend beyond the controlled
environment of a selection course. Therefore, while the findings of Vikmoen et al. (2020)
offer valuable insight into the immediate effects of intense training, their applicability
to the long-term physical performance of military personnel in operational contexts

requires careful consideration.

Questionnaires

Questionnaires are a subjective self-report tool used to capture and quantify
data surrounding both internal and external load. Typically, these self-report measures
incorporate perceived efforts, well-being, and psychosocial inventories to ascertain and
quantify internal load (Soligard et al., 2016). Questionnaires are not often incorporated
to capture external load variables within team-based sports settings, as competition and
training load are often captured using performance analysis methods. It would be safe
to assume that due to the security and logistical constraints identified previously, the
use of questionnaires and surveys would be more common within tactical
environments. On the contrary, this dissertation found limited analysis via
questionnaires and surveys within tactical settings. Only one study was identified,

profiling the occupational tasks of specialist tactical police officers (Irving et al., 2019).

Irving and colleagues (2019) conducted the study on 136 operators apart of the
Australian-New Zealand Counter-Terrorism Committee (ANZCTC) via a survey design
methodology. The primary aim of this study was to establish the nature and contexts of
occupational tasks completed by specialist tactical police officers (Irving et al., 2019).
Overall, their findings outline the varying hazardous occupational tasks these operators
undertake across their day-to-day operations. A key finding was 61% of participants
reported their most common operational task was the execution of high-risk warrants
of arrest, whilst the second most common was rural operations (11%). Interestingly, the
physical environments of these operations differ significantly. Typically, the execution
of high-risk warrants involves systematically transitioning on foot through an urban

environment with short explosive movements. Further, operators execute these jobs by
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working in small teams to enter premises, buildings, and property by utilising MOE
(method of entry) tools and specialist equipment. Whereas rural operations often
require navigation of rural geographies and landscapes. Typically, during rural
operations, officers are required to travel longer durations and distances with full
operational external load, PPE (personal protective equipment), specialist equipment,
and MOE tools. These specialist police reported performing a variety of these
operational tasks whilst carrying a significant external load (Irving et al., 2019). A
significant number of participants (84%) reported that during recent operations they
carried “full operational load and PPE” with another 74% reporting carriage of specialist
equipment (e.g., ballistic shields, ammunition and battering rams) in addition to their
typical operational load carriage. Irving et al. (2019) identified the most reported load
carriage to be 21 to 25-kilograms, with additional specialist equipment ranging from 10
to 15-kilograms. Of note, these demands share similarities with common infantry
soldiers (Orr et al., 2015). The quantity of external load carriage required for rural
operations is directly related to the severity of risk for officers with the specific
operation. The primary objective of these rural operations can also vary significantly.
Objectives range from the apprehension of high-risk offenders located in rural/remote
areas to undertaking reconnaissance to gather intelligence on illegal operations (Irving

et al., 2019) resulting in vastly different physiological demands.

Another interesting finding from this study was that 8% of the participants
reported that they had completed a modality of physical training within one hour of
conducting their operation, with 37% reporting they had less than one hour's notice
prior to conducting their most recent operational task (Irving et al., 2019). Of note, none
of the officers felt that the physical training in such proximity impacted them
operationally. Irving et al. (2019) outlined that the potential ramifications of physical
training within one hour of commencing an operation have not been previously
considered within the available literature and to consider for future research.
Questionnaires and other self-report tools are common methodologies used to collect
data from participants across academia (APA, 2020; Irving et al., 2019). However, these
self-report methodologies have several limitations that should be considered when
using them to measure and assess external load in tactical populations. One major

limitation is the potential for response bias (Sudman & Bradburn, 1982). This occurs
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when participants intentionally or unintentionally, do not provide accurate responses.
For example, participants may feel pressure to give a socially desirable response, or they
may forget certain events. This can lead to overestimation or underestimation of the
true external load variable. An obvious limitation of self-report methodologies is that
they rely on the participants’ subjective interpretation of their own experiences (Nisbett
& Wilson, 1977). This can lead to variability in how external load is perceived and
reported on the individual level. Additionally, they may not capture all relevant
information about the external load variable, as they rely on the participant's ability to
recall and report on their experiences (Belli, 1989). This can lead to a lack of accuracy
and precision in the measurement of external load. Self-report tools are also limited by
their lack of objective measures (Kraemer, 1992). If these self-report methods are not
utilized alongside other quantitative metrics, it becomes difficult to verify the accuracy
of participant responses, as there is no way to crosscheck the external load experienced
by specialist tactical populations. This can make it difficult to draw conclusions about

the external load experienced, solely based on self-report data.

In summary, questionnaires and other self-report tools are convenient for
collecting data from participants. However, they have several limitations when used to
measure and assess external load within specialist tactical populations. It is important
to consider their validity and reliability when used to analyse external load in tactical
populations, and to consider utilising other quantitative tools to correlate findings; such
as direct observation or physiological measures, to supplement the self-report data

(Cook & Campbell, 1979).

3.3.4. Measures of Internal Load

Heart Rate

Over recent years, HR has been a widely used metric to assess internal load
within specialist tactical populations (Blacker et al., 2009, Canino et al., 2020, Clemente-
Suarez etal., 2013, George et al., 2015, Grant et al., 2016, Hormefio-Holgado et al., 2019,
Jouanin et al., 2004, Jurvelin et al., 2020, Nikolova et al., 2007, O'Leary et al., 2018,
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Sanchez-Molina et al., 2018, Richmond et al., 2012, Richmond et al., 2014, Tanskane et
al., 2011, Tornero-Aguilera et al., 2017, Tornero-Aguilera et al., 2018, Wilkinson et al.,
2008, Winters et al., 2021, Wyss et al., 2012). HR has been closely linked to metabolic
rate (Michael et al., 2022), to provide valuable insights into the cardiovascular intensity
of exercises and operations. However, it is important to note that HR can be influenced
by non-metabolic factors such as environmental conditions and psychological stress,
furthermore, it is not sensitive to rapid changes in metabolic rate (Michael et al., 2022).
To account for individual differences in age and fitness, HR can be quantified in both
absolute units or relative units; beats per minute (bpm), percentage of HRmax or HR

reserve respectively.

This dissertation identified nineteen (n = 19) studies which met the inclusion
criteria and monitored HR as part of their research within specialist tactical populations.
These studies reported a variety of outcomes and methodologies, whilst all studies
utilised a chest strap to detect ventricular depolarization. The included studies clearly
identify HR as a valuable tool for assessing the intensity and demands of training load.
Among the studies reviewed, army recruits have been a common population in which
HR has been utilised as a measure of internal load. Studies by Blacker et al. (2009), Grant
et al. (2016), O'Leary et al. (2018), Richmond et al. (2012), Wilkinson et al. (2008), and
Wyss et al. (2012) all used HR to evaluate the internal physiological demand of army and

military populations during recruit basic military training (BMT).

Overall, HR data collected during BMT provides insight into the physiological
demands and training intensities experienced by recruits during their initial training
periods. The studies included in this dissertation identified that BMT primarily consists
of low-to-moderate intensities, with average daily HR values of ~25 to 35% of HR reserve
(Blacker et al., 2009; Grant et al., 2016; O'Leary et al., 2018; Richmond et al., 2012;
Wilkinson et al., 2008; Wyss et al., 2012). Unsurprisingly, the physical training sessions
were found to be more demanding (Blacker et al., 2009; O'Leary et al., 2018; Richmond
et al.,, 2012). However, these physical training sessions were reported to be highly
variable between individuals. Several studies reported recruits accumulated over 20-

min at >85% HR reserve, with inter-individual coefficients of variation (CVs) of ~0.5-0.9

56



for time-in-zone across several days throughout BMT (O’Leary et al., 2018; Richmond et

al., 2014; Wilkinson et al., 2008).

Blacker et al. (2009) assessed the differences in physiological demands and
adaptations between male and female recruits during BMT when trained during single-
sex or mixed-sex platoons. They found that while there was no difference in physical
activity between sexes, the males within the mixed-sex platoon operated at a lower HR
reserve and subsequently cardiovascular strain when compared to their female peers
(24 £ 2 and 33 + 2% HR reserve respectively, p < 0.001) (Blacker et al., 2009). The
researchers suggest this was a result of their greater cardiovascular fitness levels (p <
0.001), as the cardiovascular strain of the males apart of the mixed-sex platoon was
significantly lower than those apart of the male-only platoon (24 £ 2, 33 £+2% HR reserve
respectively, p < 0.001). Whilst the female recruits of both platoons experienced similar
levels of cardiovascular strain regardless of the designated platoon (33 + 2 and 33 + 3%
HR reserve, p = 0.814) (Blacker et al., 2009). These findings were reiterated by O'Leary
et al. (2018) who identified a sex-time interaction for average daily HR (p < 0.001).
Female recruits had a significantly higher average daily HR compared to males during
weeks 12 and 13 (p < 0.011) of the 14-week basic training period. Unfortunately, the
researchers do not state what activities, exercises, or operations that may have
influenced the significant increase in training load and intensity during these two weeks.
However, it is important to note that average daily HR was similar between sexes across
the duration of training (29 + 3% and 30% + 3%, males and females respectively) (O'Leary

et al., 2018).

On the contrary, Richmond et al. (2012) reported the physiological demands and
progression during BMT for male (n = 30) and female (n = 30) British Army recruits of
single-sex platoons to be similar. The cardiovascular strain measured through average
daily %HR reserve (female: 31 + 4%, male: 32 * 5%), physical activity levels, and
percentage improvements in 2.4-km run time did not differ significantly between males
and females (p > 0.05). Whilst the total average daily %HR reserve was similar between
sexes, under closer inspection, some differences between days and weeks between
sexes were identified (Richmond et al., 2012). During the initial week of BMT, female

recruits exhibited a lower mean daily %HR reserve in comparison to male recruits. %HR
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reserve is calculated by subtracting the resting HR from the HRmax and then dividing the
result by the HRmax; serving as an indicator of the level of strain on the cardiovascular
system. Thus, a higher %HR reserve suggests a greater level of cardiovascular strain
(Richmond et al., 2012). Furthermore, during the final exercise (week 13), female
recruits had a higher mean daily %HR reserve compared to male recruits. Potentially
indicating that the demands of the final exercise were more physiologically taxing for
female recruits than for male recruits. One possible explanation for these differences
could be the relative load carried by females. All recruits were required to carry the
same load, despite differences in body weight or sex. This may have resulted in female
recruits exerting more effort during load carriage tasks, assuming that pace and terrain
were comparable between sexes (Richmond et al.,, 2012). These observations are
supported by Wyss et al. (2012) who noted HR values to increase significantly during
physical activities such as marching and carrying loads, with no significant differences in
HR between sexes. The average HR of male and female recruits was similar throughout
the BMT period, with both groups showing a decrease in resting HR over the training
period. Another interesting finding reported by Richmond et al. (2012), was that both
male and female recruits spent a significant amount of time in the “hard” or “very hard”
training zone (Howley et al., 2001) on six days throughout the course. For female
recruits, these days were spread out over the 13-week BMT. Yet, these days were
concentrated in the first week for male recruits, indicating that this first week period
was more physically demanding for males comparatively (Richmond et al., 2012).
Additionally, the daily average of absolute physical activity counts (PAC) was higher for
male recruits, indicating that they engaged in more physical activity per day compared
to females. This is in contrast to the relative total cardiovascular strain shown by the
%HR reserve data, which indicated that both sexes experienced the same level of
relative physical activity per day (Richmond et al., 2012). While the observations found
during BMT provide valuable insights into the physiological responses of recruits, it is
important to consider how these findings may relate to the operational demands
experienced by military personnel. Typically, specialist tactical operations involve high-
intensity physical activities, load carriage, and challenging environmental conditions,
which are similar to aspects of BMT (Blacker et al., 2009; Grant et al., 2016; O'Leary et
al., 2018; Richmond et al., 2012; Wilkinson et al., 2008; Wyss et al., 2012). Therefore,

the understanding gained from studying physiological responses during BMT can inform
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the preparation and physical conditioning of military personnel for the rigors of military
operational demands. However, it is crucial to acknowledge that operational contexts
may introduce additional stressors and complexities, necessitating further research to

bridge the gap between training and real-world operational demands.

Training Impulse

Training Impulse (TRIMP) is another commonly used index to describe the
internal load within specialist tactical populations. It combines HR and duration to
produce a unit to track internal load (Borresen & Lambert, 2009) that can be used to
monitor and evaluate changes in an individual’s training status over time. Recent
literature has reported the TRIMP index to provide useful insights into the internal load
experienced by specialist tactical populations, during physical activity and training
(Jurvelin et al., 2020; O'Leary et al., 2018). Compared to using HR alone, TRIMP acts as
an index to describe the internal load in training. Ultimately, providing a more
comprehensive assessment of the individual’s training status and internal load. By
combining HR and duration, TRIMP takes into account not only the intensity of the
exercise but also the duration; providing a higher quality measure of overall internal
load. Furthermore, the different calculations of TRIMP (i.e., Banister’s and Edward’s),
provide different ways of quantifying the internal load, each with their advantages and
disadvantages. For example, Banister's TRIMP provides a simple and straightforward
calculation that is easily understood (Exponentially weighted average HR x Duration),
whereas, Edward's TRIMP provides a more nuanced and complex measure of the
internal load that involves calculating time in different HR zones and applying intensity
coefficients to each zone (the exact equation dependent on the specific zones used and
the coefficients applied). Furthermore, Edwards' TRIMP was positively correlated with
accumulated oxygen uptake (r = 0.73-0.84) in tactical populations performing load
carriage tasks lasting 5 to 10-min (Canino et al., 2020). Whilst also demonstrating
substantial inter-individual variability with CV values ranging from 0.4-0.7 (Jurvelin et
al., 2020; O'Leary et al., 2018). However, the HR cut-off points used to determine time-
in-zone were considered arbitrary rather than based on physiological principles
(Borresen & Lambert, 2009). Although practical challenges may have contributed to a

lack of data regarding the demands of tactical-specific tasks in operational settings. The
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use of TRIMP to monitor and evaluate changes in an individual’s training status over
time has been shown to provide useful insights into the internal load experienced by
specialist tactical populations within both BMT and exercises/operations (Jurvelin et al.,

2020; O'Leary et al., 2018).

Heart Rate Variability

In recent years, the concept of “readiness” has become more popular
recreationally and within sports settings. One component of this readiness assessment
often refers to another HR measure. HRV is the fluctuation and oscillation of time
intervals between heartbeats (Buchheit et al., 2014; Shaffer et al., 2017). HRV is an
indirect measure of activity levels from the autonomic nervous system (ANS) and has
been shown to be a useful marker of ANS function, quantifying insights into the
physiological and psychological stress experienced by an individual (Buchheit et al.,
2014; Shaffer et al., 2017). HRV reflects the balance between sympathetic (SNS) and
parasympathetic (PNS) nervous system contributions to heart rhythm, which result from
feedforward (e.g., from the motor cortex) and feedback (e.g., from the baroreflex)
inputs to the cardiovascular control centre (Task Force of the European Society of
Cardiology and the North American Society of Pacing and Electrophysiology, 1996).
Some studies have demonstrated the sensitivity of HRV to the work characteristics of
tactical populations. This results in the disruption of typical ANS patterns, exemplified
by the impact of shift work. Where greater parasympathetic and reduced sympathetic
activity has been observed overnight (18:00 to 06:00hrs) (Furlan et al., 1990), while
nocturnal night-shift work has been identified to exhibit similar reductions in

sympathetic activation compared to morning and evening shifts (Furlan et al., 2000).

One of the main constraints of HRV assessment is that the calculation of HRV is
subject to a range of different assessment protocols (e.g., supine, standing, and 24-hr
recordings), and analysis techniques (e.g., time domain analysis, frequency domain
analysis, and non-linear analysis) (Shaffer et al., 2017). Time domain analysis focuses on
the time interval between heartbeats, by measuring HRV parameters including the

standard deviation of inter-beat intervals (SDNN), root mean square of successive
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differences (rMSSD), and percentage of successive intervals differing more than 50-
milliseconds (pNN50) (Buchheit et al., 2014). Whilst frequency domain analysis involves
the transformation of time series data into a frequency domain representation, it
facilitates the estimation of HRV parameters, including low-frequency (LF) power, and
high-frequency (HF) power (Buchheit et al., 2014). The non-linear analysis uses complex
algorithms to describe the non-linear relationships between different aspects of the
HRV signal (Buchheit et al., 2014). These different analysis techniques can affect the HRV
parameters obtained, and subsequentially impact the interpretation of the HRV results.
As different HRV parameters can respond to various aspects of the HRV signal, this can
lead to variations when different analysis techniques are used. This creates challenges
when interpreting and comparing HRV results across different studies utilising different

analysis methodologies (Shaffer et al., 2017).

This dissertation identified seven (n = 7) studies which met the inclusion criteria
and monitored HRV as part of their research within specialist tactical populations,
reporting a variety of outcomes and methodologies (George et al., 2015; Grant et al.,
2016; Hormeiio-Holgado et al., 2019; Jouanin et al., 2004; Nikolova et al., 2007; Sanchez-
Molina et al., 2018; Tomes et al., 2021).

Two (n = 2) of the identified studies focused primarily on police/law enforcement
personnel (George et al., 2015; Tomes et al.,, 2021). These studies provide valuable
insights into the impact of physiological and psychological stress on the human
biological system, by utilising HRV alongside HR recovery to quantify both stress and
fitness. George et al. (2015) aimed to quantify the effect of nine (9) months of police
recruit basic training on HRV and HR recovery. Interestingly, this was one of the only
studies included within this dissertation that solely included female participants within
their study. Additionally George et al. (2015) had a secondary objective of identifying
whether HRV and HR recovery values could be utilised in part of a complex general
algorithm classification system to identify “trained” and “untrained” recruits. The
“trained” and “untrained” groups were classified using a complex algorithm and
machine learning process. These classifications were established and achieved through
the use of two different techniques: the Artificial Neural Network (ANN) and the Support

Vector Machine (SVM). The ANN was created using a type of algorithm called the
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Levenberg Marquards backpropagation, which was used primarily to train the network
by adjusting its internal parameters and values. The input data for the network came
from several specific features of the cardiovascular system, that were selected using a
technique called genetic algorithm optimisation. The ANN performance was then
evaluated using a tenfold cross-validation statistical measure, where the data was split
into ten (10) sets and the network was trained and tested using a different set each time.
Finally, the results were then measured using four statistical measures: True Positive
(correctly identifying a trained individual), False Positive (incorrectly identifying an
untrained individual as trained), True Negative (correctly identifying an untrained
individual), and False Negative (incorrectly identifying a trained individual as untrained).
The implementation of ANN and SVM algorithmic analysis as an internal monitoring
method and for physical fitness classification offers a more efficient, less time-
consuming, and a more accurate mode to assess physical fitness compared to the
traditional HR methods alone (such as graded exercise tests utilising HR to estimate

VO;max).

The main findings from George et al. (2015), demonstrated that police recruit
basic training has the ability to effectively alter and change the way the PNS and the
non-linear control of the cardiovascular system work. As identified through the changes
in HRV and HR recovery measures. Reporting significant differences across all 16 HRV
features across the training period (p < 0.05) from pre- to post-training. For example,
SDNN (Standard Deviation of Normal-to-Normal Intervals; a broader measure of HRV,
that calculates the SD of all normal-to-normal intervals within a given time period) was
reported to have one of the most significant improvements across the basic-training
period (p = 0.007). This finding was reiterated by the rMSSD results with significant
improvements (p < 0.001). This provided a more specific measurement of HRV as rMSSD
focuses on the variability between consecutive heartbeats, whereas, SDNN provides a
more general measurement (Buchheit et al., 2014). Ultimately, these findings are both
linked with the enhanced ANS ability to maintain homeostasis against various internal
and external variables. Furthermore, reporting that through the combination of a 5-min
supine HRV recordings and post-exercise recovery features (e.g., raw HR, HR recovery,
number of beats recovered, HR recovery time constraints etc.) could accurately classify

police recruits into the “trained” and “untrained” groupings, with 89.7% being the
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highest accuracy rating obtained. However interestingly, the HR recovery features (e.g.,
HR recovery, HR peak, HR recovery time constraints etc.) outperformed the HRV
features (e.g., rMSSD, mean HR, mean R-R, LF and HF power etc.) in both classifiers with
and without general algorithm optimisation. This study identified the potential for
integrating general algorithms into the tactical monitoring environment. Further,
through the use of both HRV and HR recovery, George et al. (2015) noted how this
methodology could assist traditional internal and external monitoring methods to
identify police recruits (or any trainee) that do not respond and/or adapt to the physical
training methods within basic training. These insights have the potential to help strength
and conditioning professionals adjust and tailor training loads, durations, frequencies,
and modes according to the individual. Additionally, this may help strength and
conditioning professionals prevent over-stimulus or over-training within these

populations to mitigate maladaptation or any adverse health outcomes.

Tomes et al. (2021) utilised HRV in their study to determine the effects of
overnight shift work on the specific operational performance of specialist tactical police
from a Special Emergency Response Team (SERT). HRV was used within this setting to
analyse, measure, and compare the cardio-regulatory stress response of a training day
between off-duty operators and those who worked an overnight shift prior to attending
training. The participants were classified into two groups: off-duty operators (n = 6), and
on-duty operators (n = 5). The off-duty operators, defined as individuals who were able
to sleep at their own discretion, were not scheduled to perform any duties/work for 10-
hrs prior to attending data collection and training. On the other hand, the on-duty
operators were individuals who had just finished a 10-hr overnight shift prior to
reporting for training, without the opportunity for sleep. HRV was collected via a three-
lead 5-min seated electrocardiograph (ECG) prior to commencing the 8 to 9-hr training
day (commencing at approximately 08:00 to 08:30hrs). Operators were wearing full
operational load (i.e., helmet, protective plate vest, uniform, boots), therefore, leads
were placed as close to the radial artery on both wrists and the left ankle above the
medial malleolus. Within this study, short-term HRV was quantified by the number of
pairs of consecutive R-R intervals that differed by 50-miliseconds (pRR50). A high pRR50
value indicates a low level of HRV and is associated with increased sympathetic activity

and higher levels of overall stress. The firearms qualification shoot is a mandatory
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certification for operators, as they are expected to maintain and pass to keep their
position on the squad; being a pass/fail assessment. The shoot entailed both handgun
(Glock 22) and long-barrel rifle (M4) components, where operators were expected to

achieve 100% accuracy and proficiency in both firearms.

The firearms qualification shoot was a mandatory certification for operators to
maintain their position. While there were no statistically significant differences in pRR50
values at both pre- and post-training measurements for off-duty and on-duty operators
(Tomes et al., 2021), there were statistically significant differences in the change of
pPRR50 values between off-duty (1.27 + 2.03%) and on-duty (-2.47 + 3.01%) operators,
with a mean difference of 3.73% (p = 0.037; 95% Cl: 0.29-7.18%) (Tomes et al., 2021).
Furthermore, the results revealed that off-duty operators experienced an overall lower
cardio-regulatory stress response across the training day. Comparatively, operators who
worked an overnight shift prior experienced increased fluctuations in their regulatory
capacity during the qualification firearms shoot. These findings are consistent with
previous research that found significant changes in short-term HRV following shift work
(Furlan et al., 2000). However, an interesting finding outlined by the researchers was
that previous research suggested that resting pRR50 values <6.9% are linked with
cardiovascular disease (Mietus et al., 2002). Where on average, the on-duty operators
that had worked an overnight shift immediately prior exhibited pRR50 values well below
this threshold, ranging from ~2.5to 5% (Tomes et al., 2021). It is important to treat these
results with caution given the limited sample size (n = 11) and the short duration
recordings, compared to 24-hr recordings. However, it is important to note that the
observed reductions in pRR50 values following overnight shift work represent an acute
physiological response and may not directly imply a chronic risk of cardiovascular
disease. To suggest a plausible link between shift work and potential long-term health
implications, further research is needed to explore the cumulative effect of shift work
on cardiovascular health over an extended career. Such studies would need to consider
factors including the duration of shift work, frequency of night/overnight shifts, and
other lifestyle and health-related variables that may contribute to cardiovascular risk.
While the present study raises questions about the potential impact of shift work on

specialist tactical operators’ health, a comprehensive understanding of this relationship
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requires a more extensive investigation with larger sample sizes and long-term data

collection.

On the contrary, some research has suggested that HRV may not be a sensitive
measure of internal physiological response in specific tactical environments (Hormefio-
Holgado et al., 2019). This study aimed to investigate the psychophysiological responses
of air combat of fighter pilots, within specific offensive and defensive manoeuvres
(Hormefio-Holgado et al., 2019). The main findings of this study identified that both
offensive and defensive manoeuvres elicited similar psychophysiological responses of
both internal and external measures, including decreased forced vital capacity (i.e.,
breath muscle strength) (-12.2% change, p = 0.002), increased HR (12.4% change, p =
0.043), and increased RPE (82.9% change, p = 0.001) and stress. The findings of this
study suggest that HRV may not be a sensitive measure of physiological response as
there were no significant changes in non-linear, temporal, and frequency HRV domains
(Hormefio-Holgado et al., 2019). This may have been due to the high anticipatory anxiety
response as reported in the low rMSSD, pNN50, and LF results (Offensive: p = 0.92,
0.779, and 0.472 respectively; Defensive: p = 0.067, 0.199, and 0.061 respectively).
These values were maintained during both flights, which identifies the significant load
and demand of these aircraft combat manoeuvres. Moreover, additional internal load
measures, including HR, blood pressure, and leg strength showed significant changes,
which was suggested to be due to the activation of the SNS “fight or flight” response
(Hormefio-Holgado et al., 2019). An interesting finding from this study, was the
importance of considering external and environmental factors, such as hypobaric
conditions and G-forces when interpreting HRV data in fighter pilot populations.
Reporting that hypobaric conditions resulting in low oxygen pressure can induce hypoxia
and subsequently an acute hypoxic-ventilatory response. Where this could lead to
modifications of the SNS activation, increased HR, blood pressure, and overall cardiac
output. Furthermore, this study reported that G-forces could impact the volume of
capillary blood irrigating from the punctured finger used during the data collection
process (Hormefio-Holgado et al.,, 2019). Which has the potential to impact HRV
measurements taken utilising photoplethysmography (PPG) methodology. Within this
study, HRV was measured using a Polar V800 HR chest strap monitor (POLAR, Finland),

therefore, the volume of capillary blood irrigating through the fingers would not directly
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impact the HRV measurements. However, it is worth considering these external factors
when interpreting and collecting HIRV data in fighter pilot populations. The results from
Hormeno-Holgado et al. (2019) indicate that HRV may not be a useful measure for
detecting changes in overall cortical arousal during combat manoeuvres of fighter pilots.
Where HRV may have limited utility for monitoring internal load within these

populations during combat, operations, or exercises.

Four (n = 4) studies utilised HRV recordings as part of their internal physiological
monitoring method within Military populations (Grant et al., 2016; Jouanin et al., 2004;
Nikolova et al., 2007; Sanchez-Molina et al., 2018). These studies investigated the use of
HRV whilst focusing on its utility in assessing physical fitness (Grant et al., 2016), fatigue
(Jouanin et al., 2004), stress (Nikolova et al., 2007), and performance (Sdnchez-Molina

et al., 2018).

Both Grant et al. (2016) and Jouanin et al. (2004) investigated HRV and its role in
monitoring and assessing physical fitness. Grant et al. (2016) analysed the physical
fitness of soldiers (n = 154) who undertook basic training in the South African National
Defence Force, whilst measuring exercise-induced cardiac autonomic changes using
HRV. This study aimed to investigate whether 20-weeks of basic training compared to
12-weeks elicited greater physical conditioning adaptations, specifically autonomic
function (HR and HRV), and exercise ability and endurance (VO.max indirectly calculated
using a validated 2.4-km run test) without the development of overtraining syndrome
(OTS) (Grant et al., 2016). The main findings of this study identified that the extended
20-week basic-training programme did not elicit greater responses in exercise capacity
(VO2max), furthermore, there were no identifiers of OTS, as measured by HR and HRV
(LF/HF). VO2max increased predominantly during the first 12-weeks (VO.max: 49.54 to
54.14; p <0.001), with no significant increases between weeks 12 to 20 (VO,max: 54.14
to 54.15; p = 0.44). These findings were reiterated by soldiers HR decreasing by 11.9%
during the first 12-weeks, whilst only declining by 3.7% between weeks 12 to 20. These
exercise-induced increases in cardiac function were observed after both 12 and 20
weeks of training, as demonstrated through vagal-induced variability indicators (rMSSD,
pNN50, SDNN, and HF). Grant et al. (2016) found that there were significant increases
in cardiac control between weeks 1 and 12 (p < 0.001 for RMSSD, pNN50, and SDNN),
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which continued for the additional 8-weeks, although with statistically non-significant
changes to autonomic balance (pNN50: p = 0.083). Within this study, HRV was utilised
to measure and identify OTS. However, the results did not show any early indicators of
OTS development. These are thought to lead to an increase in the SNS branch of the
ANS, thus changing the ANS balance and leading to minor increases in resting HR and a
larger LF/HF ratio (Kuipers et al., 1998). However, within the current study, most supine
HRV values (rMSSD, pNN50, SDNN, and HF) consistently progressed toward higher vagal
power, confirmed by the LF/HF values; indicators of HRV autonomic balance (Grant et
al., 2016). These findings suggest that HRV was a useful tool in monitoring the internal
load experienced by these soldiers, whilst helping to identify any early overtraining

indicators.

Jouanin et al. (2004) studied whether HRV could serve as an indicator of fatigue,
by measuring resting sympathovagal balance across a ranger training course in the
French National Centre for Ranger Training (n = 23). The ranger training course included
instructional education sessions intermittent with intense physical training across the
span of 3-weeks, followed by an additional 5-day field exercise. The physical training
sessions included a range of both aerobic and anaerobic operationally specific activities
(e.g., extended land navigation, water crossings, house-to-house combat etc.). Further,
the ranger training course is specifically designed to induce physiological and
psychological stress through arduous activity and sleep deprivation, to accumulate
fatigue and limit recovery. Overall physical activity was determined as submaximal,
corresponding to ~35% of maximal oxygen uptake (Jouanin et al., 2004). After the
completion of the 5-day field exercise, soldiers underwent the post-course data
collection process between 06:00-08:00hrs, under the same conditions as the baseline
assessment prior to the course. Within this study, HRV measurements provided insight
into the sympathovagal balance and PNS activity of soldiers recovering from submaximal
prolonged fatiguing physical activity induced across the course and 5-day field exercise.
Jouanin et al. (2004) identified that fatigue was accompanied by a decrease in
testosterone levels (28.6 + 7%; pre-test: 14.9 + 0.7 nmol/L? and post-test: 9.6 + 0.5
nmol/L?; p < 0.001) and an increase in PNS activity. The increased PNS activity was
evidenced by a higher TP and standardised HF values in the supine position (p < 0.001),

a decrease of the standardised LF values in both positions and a change in the LF:HF
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ratio in the supine position (66.2 £ 12.9% decrease; p< 0.01); expressing a decrease in

sympathetic activity after physical training.

From a cardiovascular standpoint, this state of prolonged fatigue is expressed by
a reduction of resting HR and BP. Resting HR and BP were lower during the post-course
stand test compared with the pre-course values, regardless of whether the individual
was supine or standing. The data from the time-domain analysis (SD-RRi [standard
deviation of RR intervals], pNN50, and rMSSD) provided indices of modulation of PNS
activity in the supine position. Moreover, the results suggest that fatigue appears to be
accompanied by an increase in PNS activity rather than a decrease in SNS activity
(Jouanin et al., 2004). This can be derived from the significantly lower HR and BP
following the course and field exercise and is consistent with PNS fatigue (Jouanin et al.,
2004). Further, the TP was higher in the supine position at the end of the course (p <
0.001), while the standardised HF values were higher for soldiers in both positions,
indicating increased PNS activity. In contrast, the standardised LF values (both supine
and standing) decreased, expressing a reduction in SNS activity after physical training.
This suggested that fatigue may be associated with increased PNS activity rather than a

decrease in SNS activity.

Nikolova et al. (2007) and Sanchez-Molina et al. (2018) investigated the impact
of stress on the autonomic cardiovascular control and health risks in military
populations. Nikolova et al. (2007) analysed the effect of stress on Bulgarian
peacekeepers during an operation and utilised HRV in their assessment protocol of
psychophysiological stressors to determine the characteristics of stress. Whilst Sanchez-
Molina et al. (2018) investigated the psychophysiological response of combat
simulations on motor skills, using HRV to assess the sympathetic-vagal interaction of
soldiers pre- and post-combat manoeuvres. Sdnchez-Molina et al. (2018) explored how
individuals’ training levels could affect performance within combat simulations, whilst

analysing whether this established training level impacted the stress response.

Nikolova et al. (2007) examined the longitudinal psychophysiological response
of peacekeepers to stressors encountered during operations, with a focus on autonomic

control, measured through HRV. The results suggest that autonomic control is affected
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by operational stressors, as they reported a decrease in the mean values of Prsa (spectral
power of RR intervals) and STV (standard deviation of R-R intervals, i.e., SD-RRi) during
the redeployment phase when operators returned from their mission and were
assessed for any changes to their autonomic cardiovascular control and health risk. Pgsa
is @ measure of the spectral power of RR intervals in the respiratory sinus arrhythmia
(RSA) frequency range of 0.15 to 0.5 Hz (Nikolova et al., 2007). RSA is the increase in HR
during inspiration and decrease during expiration due to changes in parasympathetic
tone. Pgrsa reflects the magnitude of these fluctuations in RR intervals that are related to
RSA, which is thought to be primarily mediated by the PNS (Nikolova et al., 2007). Thus,
Prsa is typically used as a marker of PNS activity, specifically related to RSA. These results
indicate a reduction in parasympathetic function and baroreceptor modulation of heart
rhythm. Nikolova et al. (2007) went on to discuss that these findings may be related to
cognitive processes, such as self-evaluation of stress and the ability to accomplish the
mission. As cognitive appraisal appears to be a mechanism of peacekeeping stress and
may play a role in the cumulative effects of stressors on cognition and health (Nikolova

et al., 2007).

Additionally, Nikolova et al. (2007) reported stress to be associated with a 50%
increase in HR during the redeployment phase. Of note, this increase did not reach the
critical 65% value that indicates a risk of cardiovascular disease (Danev et al., 1989),
however, it does indicate a risk of a premorbid state. Similar to the findings from Tomes
et al. (2021) outlining cardiovascular health risks, these results should be taken into
consideration when monitoring tactical populations. Despite the observed autonomic
responses, this study did not report any development of PTSD (post-traumatic stress
disorder) related to autonomic hyperarousal, as there was no evidence of an increase in

sympathetic function or tonic levels across the operation (Nikolova et al., 2007).

Sanchez-Molina et al. (2018) analysed the fine motor skills and the
psychophysiological response of two different military units (heavy infantry unit (HIU)
and light infantry unit (LIU)) to an asymmetrical combat simulation to analyse whether
training and experience influenced performance. Overall, the results indicate that the
initial hypothesis was partially correct. The LIU was reported to have a lower

psychophysiological response compared to the HIU, however, fine motor skills (as
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measured by pistol magazine time reload [PMTR]) were not affected in either group.
One main finding was that the HR of the LIU (65.1 + 9.75 t0 82.21 + 10.2bpm; p = 0.006)
was significantly lower than the HIU (70.91 + 13.71 to 93.33 + 9.86ppm) pre- and post-
testing. The researchers linked this to the LIUs enhanced physical conditioning, stating
it was likely due to the higher physical training conducted by the LIU (Sdnchez-Molina et
al., 2018). Furthermore, the researchers reported soldiers had conducted the combat

III

simulation with an “optimal” arousal level as evidenced by the correlation analysis
between HR and PMTR, however, this correlation is unclear within the results presented
in this study. This was suggested to support the Inverted-U Hypothesis that predicts that
performance is best at a moderate level of arousal (Neiss et al., 1988; Sanchez-Molina
et al., 20187; Vickers et al., 2007). The researchers utilised a self-report questionnaire
methodology to measure arousal and anxiety, which asked soldiers to rate their level of
alertness and energy pre- and post-combat. As outlined in the above chapter, there are
several important biases to consider when interpreting self-report questionnaires.
These include but are not limited to: social desirability bias (feeling pressured to report
higher levels of alertness, especially after a combat simulation), recall bias (soldiers may
not accurately recall their level of alertness before and during the combat simulation,
affecting the reliability and validity), subjective interpretation (soldiers with this level of
experience within combat roles, may have different interpretations of what constitutes
alertness, resulting in inconsistent responses), and response bias (responding in a

certain way to please and/or align with the researcher or their own beliefs about the

importance of alertness during combat).

When analysing HRV, Sanchez-Molina et al. (2018) identified that the LIU had a
significantly higher basal LF prior to conducting the combat simulation (76.6 + 10.75; p
< 0.001), which is associated with SNS activation. Immediately following the simulation,
both LIU and HIU showed a significant decrease in PNS (rMSSD: 7.62 + 5.62 and 29.32 +
9.33 respectively) and an increase in SNS (LF: 90.93 + 3.42 and 88.68 + 4.45 respectively)
activation, which is suggested to be attributed to the fight-or-flight response mechanism
(Sanchez-Molina et al., 2018; Clemente-Suarez et al., 2013; Clemente-Suarez et al.,
2015). This decrease in PNS activation was reiterated in a decrease in blood oxygen
saturation (BOS) and cognition (cognitive flexibility and fluid thinking [CFFT]). The

decrease in CFFT is associated with symptoms of CNS fatigue and weakness in cognitive
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processing (Sanchez-Molina et al., 2018), ultimately leading to slower and inaccurate
responses in critical decision-making ability. These results suggest that maladaptive
psychophysiological stress responses during combat can negatively affect soldiers’
performance, thus posing an increased risk to their individual and team safety. Overall,
Sanchez-Molina et al. (2018) highlight the importance of tailoring training methods
according to the demands of the specific infantry units for optimal operative
performance. Furthermore, these findings clearly link cognition and psychophysiological
associations, suggesting that the incorporation of psychological stressors (i.e., pressure)
within the training of specialist tactical populations could enhance operational

performance.

In summary, there are very few studies that appear to be specifically designed
to assess the efficacy of utilising HR variables and metrics (e.g., HR, HR-reserve, HR-
recovery, TRIMP, and HRV) in controlling training workloads in order to optimise or
determine operational performance or readiness. However, research capturing and
monitoring HR metrics has provided insight into the physiological demands of military
personnel (Blacker et al., 2009; Canino et al., 2020; Clemente-Suarez et al., 2013; Grant
et al., 2016; Jouanin et al., 2004; Jurvelin et al., 2020; Nikolova et al., 2007; O'Leary et
al., 2018; Sanchez-Molina et al., 2018; Richmond et al., 2012; Richmond et al., 2014;
Tanskane et al.,, 2011; Tornero-Aguilera et al., 2017; Tornero-Aguilera et al., 2018;
Wilkinson et al., 2008; Wyss et al., 2012), SOF (Johnson et al., 2018; Winters et al., 2021)
law enforcement (George et al., 2015; Tomes et al., 2021), and fighter pilots (Hormefio-
Holgado et al., 2019). The included studies have provided practitioners valuable insights
into the common HR variables used to monitor internal load within specialist tactical
populations, however, there are several limitations to their use in these settings. While
metrics such as HR, HR recovery, and HRV have been identified to provide valuable
insight into the ANS, and its subsequent response to exercise and stress, there are
several limitations to their use in these populations. One limitation is the high inter-
individual variability of HR responses, as seen through multiple studies reporting high
CV values, indicating significant differences between individuals' time spent in specific
HR zones (O’Leary et al., 2018; Richmond et al., 2014). This variability can be influenced
by several factors including, age, sex, fitness level, and training status (Buchheit et al.,

2014; Migueles et al., 20177; O’Leary et al., 2018). Furthermore, this variability can make
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it challenging to establish normative values and interpret individual changes over time
(Buchheit et al., 2014). Moreover, specialist tactical populations are unique compared
to athlete populations, as their environment and stressors are unpredictable by nature.
Operators are required to execute specific tasks under extreme, and often arduous
conditions, resulting in these populations facing unique physiological and environmental
conditions, such as heat (Johnson et al., 2018), cold (Johnson et al., 2018), altitude
(Hormefio-Holgado et al., 2019), sleep deprivation (Jouanin et al., 2004; Tomes et al.,
2021), and high cognitive demand (Nikolova et al., 2007; Sanchez-Molina et al., 2018;
Johnson et al., 2018), all of which can further complicate the interpretation of HR and
HRV data (Buchheit et al., 2014). Another limitation is the lack of standardisation in
measurement protocols and data analysis methodologies (Buchheit et al., 2014; Horner
et al., 2013). This is due to the ability to measure HR and HRV using different devices
and software, which have varying sampling rates, recording durations, and filtering
algorithms (Bourdon et al., 2017; George et al., 2015; Horner et al., 2013; Migueles et
al., 2017). This variability can lead to inconsistency in the quality of data, while also
limiting the ability to compare results across studies and subsequent
populations/groups (Horner et al., 2013; Migueles et al., 2017). Practitioners must
consider these limitations when analysing and comparing HR (and its subsequent
variables) data. However, the tracking and monitoring of HR variables have proven to
provide useful insight into the internal load of specialist tactical populations. Future
research should aim to address and mitigate these limitations, through the development
of standardised measurement protocols, and exploring and contrasting HR data with
other physiological measures and variables. This will ensure practitioners are able to
maximise the benefits of capturing HR data, whilst minimising any potential drawbacks

within specialist tactical populations.

Biochemical analysis

Biochemical analysis has emerged as a valuable tool for assessing internal load
in specialist tactical populations and has gained popularity in recent years. This
monitoring method involves measurements of various biomarkers in body fluids such as

blood, saliva, and urine. Utilising biochemical analysis provides objective and
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guantitative data on the physiological response to stress and exercise. This chapter
discusses the use of several biochemical markers (Table 3), including doubly labelled
water (DLW), hormonal markers (e.g., TST, COR, IGF-1, and other metabolites (e.g.,
blood lactate and glucose), as measures of internal load within specialist tactical
populations. By examining the strengths and limitations of these markers, this
dissertation aims to provide insights into the potential applications of biochemical

analysis as a monitoring method of internal load.

Table 4.

Biochemical Analysis in Specialist Tactical Populations

Study DLW  Hormonal Metabolites Inflammatory
markers markers
Blacker et al. (2003) X
Conkright et al. (2021) X
Drain et al. (2017)
Friedl et al. (1995) X X X
Hormeno-Holgado et al. (2019) X
Johnson et al. 2018 X
Jouanin et al. (2004) X
O’Leary et al. (2018) X
Richmond et al. (2012)
Richmond et al. (2014) X
Salonen et al. (2019) X
Sanchez-Molina et al. (2018)
Tanskanen et al. (2011a) X X
Tanskane et al. (2011b)
Tornero-Aguilera et al. (2017) X X
Tornero-Aguilera et al. (2018) X
Winters et al. (2021) X
n= 6 8 5 1

DLW = Doubly labelled water

Doubly Labelled Water

Doubly labelled water (DLW) analysis is considered a gold-standard technique
used to measure energy expenditure and water turnover rates (Michael et al., 2022). It
involves the consumption of water that contains small amounts of stable hydrogen (?H)
and oxygen (*20) isotopes. The isotopically labelled oxygen exits the body as water and
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carbon dioxide (e.g., breath), whilst the isotopically labelled hydrogen only exits the
body in water (i.e., urine). By measuring the difference of isotope turnover, researchers
can measure the elimination rates (typically using isotope ratio mass spectrometry of
urine), to calculate an individual’s carbon dioxide production, and therefore, total
energy expenditure derived by an assumed respiratory quotient (Schoeller et al., 1982).
DLW provides a non-invasive and accurate (Michael et al., 2022) method to assess an
individual’s energy expenditure over a period of several days, or weeks (Blacker et al.,
2003; Friedl et al., 1995). DLW can be particularly useful within tactical environments or
operations where individuals may not be able to wear HR monitors or other types of

activity trackers (Johnson et al., 2018).

This dissertation identified six (n = 6) studies which met the inclusion criteria and
utilised the DLW method as part of their research within specialist tactical populations
(Blacker et al., 2003; Fried| et al., 1995; Johnson et al., 2018; O’Leary et al., 2018;
Richmond et al., 2012; Richmond et al., 2014). Total energy expenditure calculated from
DLW has been reported across a range of environments, including BMT (Blacker et al.,
2003; O’Leary et al., 2018; Richmond et al., 2012; Richmond et al., 2014), selection and

training courses (Friedl et al., 1995), and field exercises (Johnson et al., 2018).

All included studies utilised a similar methodology when administering and
collecting their data. Following a baseline urine sample, participants were given a single-
weighed oral dose of deuterium (?H) and oxygen-18 (*20) the night before the start of
each ~10-day observation period (Blacker et al., 2003; Friedl et al., 1995; Johnson et al.,
2018; O’Leary et al., 2018; Richmond et al., 2012; Richmond et al., 2014). There was
some variability between morning (Blacker et al., 2003; Richmond et al., 2012; Richmond
et al., 2014) and evening (Friedl et al., 1995; O’Leary et al., 2018) samples, however, they
were typically within each 24-hour period (Johnson et al., 2018). Additionally, all
samples were either stored frozen (Johnson et al., 2018; Richmond et al., 2012;
Richmond et al., 2014), or chilled (Blacker et al., 2003; Friedl et al., 1995; O’Leary et al.,

2018) until analysis.

The highest reported value of energy expenditure was captured during the initial

mountain phase of a U.S. Army Ranger Course, of ~6000-kcal.day™ (Friedl et al., 1995).
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However, whilst during BMT the average total energy expenditure was lower than those
values reported by Friedl| et al. (1995), these are still typically reported to be high, with
values ranging from 3530 + 330-kilocalories per day (Blacker et al., 2003) to 4693 + 424-
kcal.day! (Richmond et al., 2014) for men, and from 2700-kcal.day™ to 3400-kcal.day*
(O’Leary et al., 2018) for women. Which are similar results to those reported during field
exercises (~4600-kcal.day!; Johnson et al., 2018). Among the studies that utilised DLW
at both the onset and conclusion of BMT, as reported by Blacker et al. (2003), O’Leary
et al. (2018) and Richmond et al. (2014), only two studies reported significant elevations
in energy expenditure values during the latter weeks of training, compared to the initial
weeks (p < 0.001) (O’Leary et al., 2018; Richmond et al., 2014). Furthermore, as
discussed in the previous section, Richmond et al. (2014) reported the average PAL value
across weeks two and three of BMT was 2.5 + 0.1, which further increased in weeks six
and seven to 2.7 £ 0.2. These values are considered “very high” by the PAL classification
system laid out by Bouten et al. (1996) and is the threshold at which individuals struggle
to maintain energy balance. This is supported by several of the included studies
reporting significant decreases in body mass across the duration of BMT (Blacker et al.,
2003; O’Leary et al., 2018; Richmond et al., 2012; Richmond et al., 2014). On average
Richmond et al. (2014) report soldiers to have lost 5.1 + 2.6-kg, or the equivalent of ~6%

body weight.

Overall, DLW analysis has been identified to show promise as a practical tool for
monitoring internal load and energy expenditure within specialist tactical populations.
The DLW method provides a non-invasive way to track changes in energy expenditure
over significant periods of time. This may allow for strength and conditioning
practitioners and/or researchers to assess the effectiveness of training interventions
and provide insight into the design of hydration and nutritional strategies for operators
in high-stress environments (Johnson et al., 2018). However, there are some limitations
surrounding the data collection process in the DLW method. Firstly, the cost and
logistical challenges associated with DLW analysis can be prohibitive, particularly in
governmental settings where resources are often limited. Additionally, DLW analysis
requires a relatively long measurement period, typically spanning one to two weeks.
This could potentially make it challenging for use in tactical environments where a rapid

assessment of energy expenditure is often needed. Furthermore, DLW is limited in its
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ability to provide daily monitoring, as it cannot provide high-temporal resolution or
intensity distributions (Michael et al., 2022). Additionally, the use of DLW may be limited
by the need for a high level of participant compliance, as well as the possibility of
measurement error associated with changes in body water during the measurement
period (Jones et al., 1987). Despite these limitations, DLW analysis remains a valuable
tool for monitoring internal load and energy expenditure within specialist tactical
populations. Future research should focus on identifying methods to improve the
practicality and affordability of DLW analysis, through potentially developing shorter
measurement protocols or exploring alternative isotopic tracers. Ultimately, DLW
should be used in conjunction with other physiological measures, such as HRV or other
biomarkers of metabolic function, to provide a more comprehensive assessment of

internal load.

Hormonal Markers

The use of hormone markers to monitor the internal load of specialist tactical
populations has been extensively studied, with both acute and chronic exposure to
operationally specific activities eliciting marked changes in various physiological
processes (Impellizzeri et al., 2019). This dissertation identified eight (n = 8) studies
which met the inclusion criteria and utilised the hormone markers to provide insight into
the internal load experienced by specialist tactical populations (Conkright et al., 2021;
Drain et al., 2017; Friedl et al., 1995; Jouanin et al., 2004; Salonen et al., 2019; Tanskanen
et al., 2011a; Tanskanen et al., 2011b; Vikomen et al., 2020). The most common
reproductive and metabolic hormones captured by these studies include TST, cortisol
(COR), insulin-like growth factor (IGF-1), sex hormone binding globulin (SHBG), thyroid
hormones (T3 and T4), and growth hormone (hGH), as presented in Table 5. Hormonal
changes have been shown to change in response to military field training (Salonen et al.,
2019; Vikomen et al., 2020), operations (Conkright et al., 2021), and BMT or courses
(Drain et al., 2017; Fried| et al., 1995; Jouanin et al., 2004; Tanskanen et al., 20113;
Tanskanen et al., 2011b), across various durations, ranging from 5-days (Conkright et al.,
2021) to 1-month (Jouanin et al., 2004). These hormonal changes can map periods of
physical stress and provide insight to the internal load experienced by these

populations.
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Table 5.

Hormonal Analysis in Specialist Tactical Populations

Study COR TST IGF-1 SHBG T3 T4 hGH
Conkright et al. (2021) X X X
Drain et al. (2017) X X X
Friedl et al. (1995) X X X
Jouanin et al. (2004) X
Salonen et al. (2019) X X X X
Tanskanen et al. (2011a) X X
Tanskanen et al. (2011b) X X X
Vikomen et al. (2020) X X
n= 7 7 5 3 1 1 1

COR = cortisol, TST = testosterone, IGF-1 = insulin-like growth factor, SHBG = sex
hormone binding globulin, T3 and T4 = thyroid hormones, hGH = growth hormone

TST is an androgenic steroid hormone that plays a crucial role in regulating
several physiological processes, including muscle mass, bone density, and immune
function. TST is known to fluctuate in response to physical and psychological stress, with
acute stressors often resulting in an increase in TST levels (Vingren et al., 2010). Chronic
stress or overtraining can lead to a decline in TST levels, resulting in several negative
downstream implications for health and performance (Crewther et al., 2011). Further,
some authors suggest TST may play a role in cognitive function due to its interaction
with the brain (Cherrier et al., 2001; O’Connor et al., 2001; Moffat et al., 2002; Luine et
al., 2014), which is of significance for tactical operators due to the importance of
decision making within high-stress and arduous situations. Research suggests that TST
receptors are present in several areas of the brain responsible for memory and learning
(e.g., hippocampus) (Moffat et al., 2002). One theory suggests that TST may increase the
number of synapses between neurons and improve communication between the
different regions of the brain, allowing for more efficient processing of information
(Moffat et al., 2002; Luine et al., 2014). However, it is important to note that the
relationship between TST and cognitive function is complex, and more research is

needed to fully understand the copious mechanisms involved. Vikomen et al. (2020)
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identified a statistically significant effect of time (p < 0.001) and a significant sex-time
interaction (p < 0.001) during a specialist armed forces selection course. The authors
also reported initial pre-test TST values to be low (10.6 + 5.0 nmol.L-1), however, this
could be a result of the initial recruit period. These TST values further decreased by 58
+ 11% (p < 0.001) 1-day after the selection field exercise and were still reduced by 20 +
30% (p < 0.01) after a 72-hr recovery period. These decreases in TST were also reported
across studies, where Salonen et al. (2019) identified a similar significant two-wave
decrease in TST values from garrison training to field training exercises (p < 0.05-0.001).
This significant decrease in TST following arduous selection courses was also reported
by Jouanin et al. (2004) who identified plasma TST to have decreased by 28.6 + 7% (p <
0.001). Both Vikomen et al. (2020), Salonen et al. (2019) and Friedl et al. (1994) reported
TST concentrations returned to baseline levels following lengthy recovery periods
ranging from one (87 + 75%, p < 0.001) to two weeks (Vikomen et al., 2020: 113 + 73%,
p <0.001; Salomen et al., 2019: p < 0.05-0.001). As expected, low TST values in women
were identified, however, there were no significant changes reported across the
duration of the selection course (Vikomen et al., 2020). Conversely, only one study
included in this dissertation identified no significant decreases in TST values (Tanskanen
et al., 2011b). Reporting increases in basal TST in response to exercise at each time point
throughout the study (p < 0.05-0.001; Tanskanen et al., 2011b). While there is still much
to learn about the relationship between TST, internal load, and performance within
specialist tactical populations, early evidence suggests that monitoring TST levels may

be useful for optimising performance and reducing the risk of negative health outcomes.

COR is a hormone released by the adrenal glands in response to stress (Gunnar
et al., 2007). It is an important component of the body's stress response system, known
as the hypothalamic-pituitary-adrenal (HPA) axis, which regulates the body's
physiological response to stress (Gunnar et al., 2007). COR plays a critical role in the
body’s ability to tolerate stress, and is involved with increasing glucose availability,
suppressing immune function, and altering brain function to enhance arousal and
vigilance (Gunnar et al., 2007; Liao et al., 2015; Miller et al., 2007). Furthermore, COR
has also been implicated in decision-making processes. Some research has identified
COR levels to impact components of cognition such as attention, memory, and

emotional regulation (Lupien et al., 2009; Schwabe et al., 2013). Specifically, elevated
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COR levels have been associated with impaired cognitive performance, particularly in
tasks that require executive function and working memory (Lupien et al., 2009; Schwabe
et al.,, 2013), both of which are fundamentally critical in the operational tasks of
specialist tactical populations. Tanskanen et al. (2011b) reported a main effect of BMT
was the significant TST:COR ratio (p < 0.05), which increased from weeks four to seven
(p < 0.01). Moreover, serum COR increased significantly over this period (p < 0.01),
however, the individual COR response variations ranged from -48 to 107%. Significant
variation in COR response may be due to several factors, including individual baseline
differences (Miller et al., 2007), fitness levels (Liao et al., 2015; Miller et al., 2007), and
coping mechanisms (Miller et al., 2007). Other COR responses include two studies
reporting a significant time interaction for COR to training (Drain et al., 2017: p < 0.01;
Vikomen et al., 2020: p < 0.001), and identified a significant sex-time interaction for COR
(p <0.001). Reporting baseline COR levels to be lower in women when compared to men
prior to starting an arduous selection course (p < 0.01) (Vikomen et al., 2020). Typically,
COR levels increase during physical training and exercise, with studies reporting
responses ranging from 26% in men (p < 0.001) (Vikomen et al., 2020), to 69% when
averaged across sex and time (p < 0.001) (Conkright et al., 2021), and by 166 + 93% (p <
0.001) in women (Vikomen et al., 2020). Similar to TST, COR levels in men typically
returned to baseline or pre-test values following a period of recovery (Salonen et al.,
2019; Vikomen et al., 2020). However, Vikomen et al. (2020) reported COR levels in
women remained elevated by 153 £ 96% (p < 0.001) after the entire two-week recovery
period. COR levels may remain elevated following BMT or a selection course due to the
body’s natural response to stress. The HPA axis is responsible for regulating COR release
and can take some time to return to baseline following a stressful event (Gunnar et al.,
2007). Additionally, if the body continues to perceive a threat, COR levels may remain
elevated as a protective mechanism (Gunnar et al., 2007). Furthermore, some research
suggests that females may have stronger COR responses to stress compared to males
(Kudielka et al., 2004), which could explain the higher and prolonged COR levels

following a selection course.

IGF-1 plays a crucial role in the regulation of cellular growth and metabolism,
particularly in skeletal muscle and bone tissue (Bamman et al., 2007). IGF-1 is

structurally similar to insulin and is primarily produced in the liver in response to hGH
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stimulation (Bamman et al., 2007). It is well established that IGF-1 response can be
directly impacted by various forms of stress, including physical exercise, psychological
stress, and sleep deprivation (McEwen & Karatsoreos, 2015). Given the unique demands
and environmental conditions specialist tactical operators are required to work within,
tracking IGF-1 may provide critical insight into their internal load and stress levels,
particularly in regard to muscular recovery and growth. Similar to TST and COR, multiple
studies have reported significant sex-time interactions with IGF-1 (Conkright et al., 2021;
Vikomen et al., 2020). Women have been reported to have significantly higher IGF-1
levels prior to starting military field exercises (p < 0.01) (Vikomen et al., 2020), and the
IGF-1 response to field exercises was significantly different between men and women
(p < 0.001), with women having a much steeper decline compared to men (p = 0.001)
(Conkright et al., 2021). The specific response of IGF-1 to stress and exercise varies, but
all studies report significant decreases across time (p < 0.001-0.01) (Conkright et al.,
2021; Drain et al., 2017; Fried| et al., 1995; Tanskanen et al., 2011b; Vikomen et al.,
2020). Following a recovery period, IGF-1 typically increases gradually, with studies
reporting increases of 46 £ 19% (p < 0.05) after one week and 69 + 29% after two weeks
(p<0.001) (Vikomen et al., 2020) and a "substantial" rebound after five weeks (Fried| et
al., 1995). Drain et al. (2017) identified an interesting IGF-1 interaction (p < 0.05) in
operators who completed an experimental physical training regimen during BMT. These
operators experienced a decrease in physiological stress, indicated by an attenuated
reduction in IGF-1 levels, suggesting a reduced stress response. This observation could
potentially translate to enhanced adaptation to training. However, the study also
reported other training-induced changes, including a decrease in basal serum IGF-1
levels, increased COR, and increased SHBG, which may reflect a maladaptive

physiological state.

One of the main limitations of hormonal monitoring surrounds the controversy
of hormone markers as an indicator of internal load. Some authors suggest that these
biochemical markers may not always directly measure the internal load of an individual,
but instead reflect the downstream responses that occur as a result of training load
(Impellizzeri et al., 2019; Michael et al., 2022). Additionally, these hormonal changes can
be influenced by other variables, including sleep deprivation, illness, and nutrition,

which can potentially affect the interpretation of results (Nindl et al.,, 2012).
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Furthermore, specialist tactical populations often experience multiple stressors
simultaneously, including sleep deprivation, inadequate nutrition, and exposure to
environmental extremes (Alvar et al., 2017). The interactions between these stressors
can have a cumulative effect on the body that may not be reflected solely by hormone
markers (Nindl et al., 2012). Therefore, while hormone markers may provide valuable
information about the physiological responses to training and stress in tactical
environments, it is important to consider the limitations and potential confounding

factors associated with their use.

Metabolites

The tracking of blood lactate and glucose levels as a measure of internal load has
gained popularity in recent years as a tool for monitoring training load in athletes, as
discussed in Chapter 2. The use of this method has expanded beyond traditional sporting
contexts and into tactical populations. Lactate and glucose monitoring has been
extensively studied in athletes, with several studies demonstrating its effectiveness in
monitoring training load and improving performance (Greenham et al., 2018). However,
there are only a few studies utilising lactate and glucose levels in specialist tactical
populations as presented in Table 6. This dissertation identified seven (n = 7) studies
which met the inclusion criteria and utilised lactate and glucose markers to provide
insight into the internal load experienced by specialist tactical populations (Hormefio-
Holgado et al., 2019; Sanchez-Molina et al., 2018; Tanskanen et al., 2011; Tanskanen et
al., 2011; Tornero-Aguilera et al., 2017; Tornero-Aguilera et al., 2018; Winters et al.,
2021).
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Table 6.

Metabolite Analysis in Specialist Tactical Populations

Study Lactate Glucose
Hormenfo-Holgado et al. (2019) X X
Sanchez-Molina et al. (2018) X X
Tanskanen et al. (2011a) X
Tanskanen et al. (2011b) X
Tornero-Aguilera et al. (2017) X
Tornero-Aguilera et al. (2018) X X
Winters et al. (2021) X

n= 7 3

Typically, studies report significant increases in blood lactate and glucose
concentrations following combat simulations (Sanchez-Molina et al., 2018; Tornero-
Aguilera et al., 2018), and training exercises (Tanskanen et al., 2011a; Tanskanen et al.,
2011b). Specifically, Sdnchez-Molina et al. (2018) reported significant blood lactate
increases following a combat simulation in both heavy (p = 0.002) and light (p < 0.001)
infantry groups, with blood lactate levels above the anaerobic threshold in both groups.
Similarly, Tornero-Aguilera et al. (2018) reported significant increases in blood lactate
and blood glucose levels following combat simulations (p < 0.05). Additionally, a
comparison of physiological responses between lower-trained and highly-trained
operators revealed that highly-trained operators had significantly higher blood lactate
levels post combat simulation when compared to lower-trained operators (6.8 + 1.5
nmol.L't and 1.9 + 1.7 nmol.L! respectively (p < 0.001)), indicating a higher level of
physical intensity during the combat simulation. These results suggest that highly
trained operators are more capable of enduring intense physical activity, which is a
crucial factor in their ability to perform their duties effectively. Tanskanen et al. (2011a)
reported that overreaching subjects had a decrease in the maximal blood lactate:RPE
ratio in the VO,max test, from baseline to the end of BMT, whereas non-overreaching
subjects did not experience this change. In contrast, Tanskanen et al. (2011b) found a
blunted submaximal exercise-induced increase in blood lactate levels during the second
half of BMT. The study suggested that the change in hormone levels, with an increase in
basal SHBG and a decrease in COR levels, may have affected the body’s response to

exercise due to the reduction in glucose availability from the COR decrease.
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Furthermore, Tanskanen et al. (2011b) also reported a decrease in HRmax during
exercise, which may limit the ability to produce lactate and lead to a blunted blood
lactate response. Finally, Tornero-Aguilera et al. (2017) found a negative correlation
between post-lactate concentrations and pre-HR, indicating that soldiers with higher
fitness levels (supported by lower pre-HR) could achieve higher metabolic activation in
combat situations. These results highlight the importance of incorporating training
principles that improve exercise capacity and efficiency within the overall training

program for tactical populations.

Cognition

Specialist tactical populations are tasked with operating in extremely challenging
environmental conditions that place significant physiological demands on their bodies,
as discussed in the previous sections (Alvar et al., 2017). These conditions often
comprise a multitude of stressors, including physical and psychological demands, as well
as limited sleep and reduced calorie intake (Friedl et al., 1995; Johnson et al., 2018;
Margolis et al., 2014; Nindl et al., 2002; Tait et al., 2022). Furthermore, the occupational
tasks of these groups typically require shift/night work, prolonged working hours, with
minimal turnaround between shifts and missions (Friedl et al., 1995; Johnson et al.,
2018; Tait et al., 2022; Tomes et al., 2021), which can result in inadequate recovery and
sleep deprivation (Bannai & Tamakoshi, 2014; Nind| et al., 2007). The ability to maintain
high levels of cognitive performance under psychological and physiological duress is of
the utmost importance for specialist tactical populations in maintaining their
operational readiness (Tomes et al., 2021). Recent research has extensively reviewed
the cumulative effect of sleep deprivation on marksmanship. Studies have reported
various negative impacts on marksmanship accuracy (Head et al., 2017), impaired target
identification (Smith et al., 2019), and an increased likelihood of errors in judgement
(Harrison et al.,, 2017). Furthermore, Thomas and Russo (2007) identified that
decrements in cognition could be attributed to approximately 80 to 85% of all accidents
in the military. These findings highlight the significant risks associated with fatigue and
its impact on cognition, particularly in high-stakes environments. It is crucial for

practitioners and decision-makers to understand the intricate relationship between
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fatigue and cognition in order to effectively monitor and mitigate potential risks, while
also recognising the potential for cognitive recovery following periods of prolonged

sleep deprivation and stress (Tait et al., 2022).

The process of assessing cognition typically involves the utilisation of various
measurement tools such as standardised tests, questionnaires, interviews, and
observational measures (Jaarsveld & Lachmann, 2017; Stewart et al.,, 2012). These
assessment instruments vary in complexity and specificity but are designed to measure
specific cognitive domains accurately and reliably. Examples of these domains include
attention, working memory, language, perception, executive function, processing speed
and reaction, visuomotor performance, spatial abilities, reasoning, and problem solving
(Almonroeder et al., 2020; Belenky et al., 2003; Harrison & Horne, 2000; Jaarsveld &
Lachmann, 2017; Lim & Dinges, 2010; Shattuck et al., 2018; Stewart et al., 2012; Tait et
al., 2022; Van Dongen et al., 2003).

The influence of fatigue on decision-making and cognitive processing has been
extensively reviewed in athletic populations (Almonroeder et al., 2020). However, there
is limited research on cognition as a monitoring tool within tactical populations. This
dissertation identified five (n = 5) studies which met the inclusion criteria and utilised
cognitive assessment(s) to provide insight into the internal load experienced by
specialist tactical populations (Friedl et al., 1995; Hormefio-Holgado & Clemente-Suarez,
2019; Sanchez-Molina et al., 2018; Tait et al., 2022; Tornero-Aguilera et al., 2018). Of
these studies, three monitored the cognitive anxiety and emotional response during
combat simulations (Hormeno-Holgado & Clemente-Suarez, 2019; Sanchez-Molina et
al., 2018; Tornero-Aguilera et al., 2018), two measured memory following combat
simulations (Hormefio-Holgado & Clemente-Suarez, 2019; Tornero-Aguilera et al.,
2018), and two utilised neurobehavioural tests during and following intensive military
training courses (Friedl et al., 1995; Tait et al., 2022). The domains of cognition measured
across these two studies include: attention, complex scanning, information processing,
perceptual processing, psychomotor speed, reasoning, visual object learning, visual
tracking, visuospatial orientation, vigilant attention, and working memory (Friedl| et al.,

1995; Tait et al., 2022).
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Cognitive anxiety is associated with excessive worry, fear, and negative thoughts
related to performance or evaluation in a specific task or situation (Gelenberg, 2000;
Martens, Vealey, & Burton, 1990). Furthermore, it is a type of anxiety response that
primarily affects cognitive functions such as attention, working memory, and decision-
making (Eysench et al., 2007). Combat simulations aim to replicate the high-pressure
and stressful conditions that operators may experience within real combat
environments (Clemente-Suarez et al., 2013; Conkright et al., 2021; Hormefo-Holgado
& Clemente-Suarez, 2019; Jouanin et al., 2004; Sanchez-Molina et al., 2018; Tornero-
Aguilera et al., 2018). Therefore, cognitive anxiety can be a useful measure of internal
load, as it allows for an assessment of how operators are affected by the psychological
stressors associated within combat simulations (Tornero-Aguilera et al., 2018). The
three studies included in this dissertation utilised the Cognitive State Anxiety Inventory-
2 Revised (CSAI-2R) test to assess cognitive anxiety, somatic anxiety, and self-confidence
(Cox, Martens, & Russell, 2003; Swann et al., 2012). The CSAI-2R utilises a response

|II

scale ranging from 1 to 4, with descriptors ranging from “not at all” to “very much,” to
evaluate the intensity of each symptom (Cox, Martens, & Russell, 2003). Higher scores
on the response scale for cognitive and somatic anxiety indicate elevated levels of
anxiety, while higher scores for self-confidence indicate greater levels of self-confidence
(Hormefio-Holgado & Clemente-Suarez, 2019; Sanchez-Molina et al., 2018; Tornero-

Aguilera et al., 2018).

All three studies included in this dissertation reported an increase in somatic
anxiety following both land and air combat simulations (Hormefo-Holgado & Clemente-
Suarez, 2019; Sanchez-Molina et al., 2018; Tornero-Aguilera et al., 2018). Somatic
anxiety refers to the physical symptoms of anxiety, such as increased HR or sweating
(Tornero-Aguilera et al., 2018), therefore, the observed increase can be attributed to
the intense physical and psychological demands of the combat simulations (Hormefio-
Holgado & Clemente-Suarez, 2019). However, the findings related to cognitive anxiety
among tactical operators varied across the studies. Sanchez-Molina et al. (2018) and
Tornero-Aguilera et al. (2018) reported increases in cognitive anxiety, while Hormefo-
Holgado and Clemente-Suarez (2019) identified significant decreases. As cognitive
anxiety is associated with worry, fear, and negative thoughts related to performance

(Gelenberg, 2000), this decease could likely be contributed to the operator’s experience
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level (Hormefio-Holgado & Clemente-Suarez, 2019). The pilots who exhibited significant
decreases in cognitive anxiety were classified as elite, which suggests their expertise and
familiarity likely contributed to this result (Hormefio-Holgado & Clemente-Sudrez,
2019). This finding is reiterated in the results from Sanchez-Molina et al. (2018), who
reported differences in cognitive anxiety responses between units. The authors noted
that the unit with the lower anxiety response had trained under similar contexts as the
simulation (Sanchez-Molina et al., 2018). These findings collectively suggest that training
and experience can influence anxiety levels and overall emotional self-regulation during

combat simulations.

Research has established that sleep restriction and total sleep deprivation can
have detrimental effects on various aspects of cognitive function including working
memory, attention, visuomotor performance, vigilance, reaction time, and decision-
making (Belenky et al., 2003; Shattuck et al., 2018; Van Dongen et al., 2003; Lim &
Dinges, 2010; Harrison & Horne, 2000). These effects tend to accumulate over
consecutive days of insufficient sleep. The two studies included in this dissertation
monitored the cognitive function and recovery of the course of an intensive training
course (Friedl et al., 1995; Tait et al., 2022). The study conducted by Friedl et al. (1995)
aimed to examine the cognitive performance of candidates participating in the U.S.
Army Ranger Course, which involves intensive training under demanding conditions. The
course consists of four distinct phases spanning approximately two weeks, where
candidates undergo rigorous training across a diverse range of environmental settings
(forest, desert, mountain, and swamp). The primary objective of the course is to push
candidates to their physical, psychological, and emotional limits. To achieve this, the
course intentionally restrict sleep (approximately 3.6-hrs per day for 8-weeks) and
caloric intake (approximately 1000-kcal.day?) throughout its duration (Friedl et al.,
1995).

During this study, candidates were prescribed a battery of cognitive assessments
designed to measure specific cognitive domains including decoding (information
processing), pattern analysis (perceptual processing), reasoning (inferential logic), and
memory (Friedl et al., 1995). Surprisingly, the ability to memorise and retain words

appeared to be relatively unaffected by the severe calorie and sleep deprivation (Fried!
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et al., 1995). However, tasks requiring higher-order processing, such as decoding and
pattern analysis were significantly impaired under these stressors (Fried| et al., 1995).
Notably, these cognitive processes demonstrated a capacity for recovery during the
brief two-day recovery periods. In contrast, reasoning tasks were significantly impacted
from the sleep and caloric restriction (p < 0.02) (Friedl et al., 1995). Where performance
only returned to baseline levels following the post-training assessment, where sleep and
food were unrestricted (Friedl et al., 1995). These findings suggest that while simple
cognitive functions exhibit resilience and can recover during short periods, the more
complex cognitive processing (e.g., reasoning) are more susceptible to the negative

effects of sleep and caloric deprivation.

Similar findings were reported in the study conducted by Tait et al. (2022), who
aimed to assess the impact of an intensive training exercise on cognition within
Australian Army Soliders (n = 57). The primary training exercise of this study started with
four-days living in the field, where soldiers engaged in operational tasks such as digging
trenches, simulated contacts, and patrols (Tait et al., 2022). This exercise was
intentionally designed to restrict opportunities for sleep and include one night of total
sleep deprivation. Following the field training, the exercise transitioned into four-days
of simulated combat exercises where soldiers experienced disrupted and restricted
sleep (Tait et al., 2022). For the final three-day recovery phase, soldiers returned to their
accommodation and participated in light activities with regular sleep opportunities.
Neurobehavioral testing of cognition incorporated five tests that measured the
following domains: psychomotor speed, visual tracking, working memory, visual object
learning, visuospatial orientation, attention, complex scanning, psychomotor speed, and
vigilant attention (Tait et al., 2022). Several of these domains were identified to be
significantly impaired following the night of total sleep deprivation, including
psychomotor speed, reaction time, visual scanning and tracking, visuospatial
orientation, and attention tasks (Tait et al.,, 2022). However, reaction times and
visuospatial orientation scores returned to baseline levels within two-days following the
field-training phase and during the simulated combat phase of restricted sleep. These
findings suggest that accumulating approximately 15-hrs of sleep over a 96-hr period is

effective in alleviating most cognitive deficits. (Tait et al., 2022). Furthermore, the
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authors highlight the significance of reaction time as a critical cognitive ability and

suggest its potential as a predictor of operational readiness (Tait et al., 2022).

Understanding the intricate relationship between fatigue, cognition, and
performance is essential for practitioners and decision-makers working with specialist
tactical populations. Monitoring cognitive performance provides valuable insights into
the impact of stressors, recovery, and potentially operational readiness (Tait et al.,
2022). By identifying the specific cognitive domains impaired by the realities of
operational contexts, practitioners can implement appropriate recovery strategies, and

potentially mitigate catastrophic risks.

3.3.5. Summary and Conclusion

This chapter examined the internal and external load monitoring strategies
employed within specialist tactical populations. Highlighting the significant physiological
and psychological loads specialist tactical populations face during their typical
operational tasks. The reviewed literature has provided valuable insight into the
importance of implementing both internal and external load monitoring strategies into
management systems. As monitoring external load provides valuable insight into the
work completed by operators, internal load provides insight into the internal biological
response induced by the external stimulus (Soligard et al., 2016). It is worth noting, no
single marker can accurately predict or detect overtraining and maladaptation (Bourdon
etal.,2017; Greenham et al., 2018; Maupin et al., 2018; Soligard et al., 2016). Therefore,
it is recommended to employ a multivariate approach that integrates various internal
and external monitoring methods (Bourdon et al., 2017; Michael et al., 2022). This will
enable a comprehensive understanding of individual responses and subsequent
adaptations and provide practitioners valuable information to guide training
prescription and potentially identify markers of fatigue and operational readiness. This
comprehensive review of the monitoring strategies utilised within specialist tactical
populations provides a foundation for informed decision-making and load management
within specialist tactical populations. A summary of these monitoring methods is

presented in Table 7.
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Table 7.

Monitoring Methods in Specialist Tactical Populations

Authors . . . Aim of Monitoring . .
Study title Participants Duration Main outcomes
and year study/assessment Method
No significant difference in physical activity
To examine the was observed between platoons or genders
difference in (p>0.05).
physiological demands Males in mixed-gender platoons exhibited
and adaptations lower cardiovascular strain compared to
: . . <
St AT S S RS between male aanI Internal: HR females due to higher aerobic fitness (p
. . . female soldiers during 0.001).
in the physical from 3 different ) . S
Blacker et . Comprehensive Soldier External: Male recruits in mixed-gender platoons had
demands of British platoons. . . . 12 weeks . ) .
al. (2009) . Fitness (Resilience) in Accelerometers, lower cardiovascular strain than their
Army recruit (male = 26, . . . .
- single-gender or mixed- anthropometrics, counterparts in male-only platoons.
training female = 28) . . .
gender platoons, and DLW Female recruits experienced similar levels of
identify potential cardiac stress, regardless of platoon type (p
reasons for higher injury =0.814).
rates among female Additional cardiovascular load on female
soldiers in training. recruits could increase fatigue and
predispose them to overuse injuries.
Quantifying
Training Load To assess the correlation
During Physically between total relative
Demanding Tasks . oxygen uptake during Summated HR zone and sRPE can be used as
. . 61 army soldiers P L, Internal: HR, - . .
Canino et in U.S. Army three “soldiering” tasks 3 activities alternatives to total relative oxygen uptake
. (male =33, . . oxygen uptake, . - .
al. (2020) Soldiers: A and two field-expedient (<6hrs) to measure and monitor training load during
. female = 28) .. sRPE ..
Comparison of measures of training soldiering tasks.
Physiological and load: summated HR zone
Psychological and sRPE.
Measurements
Mechanical, . . Differences observed between symmetrical
. 20 soldiers from To assess physical, . .
Clemente- Physical, and . . Internal: HR 2 days and asymmetrical combat: asymmetrical
. . . the Spanish mechanical, and . . .
Suarez et Physiological . . combat presented higher maximum velocity
. Army and physiological parameters N . .
al. (2013) Analysis of . . External: GPS (2x activities) movement, number of sprints, sprint
during both symmetrical

Symmetrical and

Spanish Forces

distance, and average HR. Symmetrical
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Conkright
et al.
(2021)

Drain et
al. (2017)

Friedl et
al. (1995)

Asymmetrical
Combat

Neuromuscular
Performance and
Hormonal
Responses to
Military
Operational Stress
in Men and
Women

Hormonal
response patterns
are differentially
influenced by
physical
conditioning
programs during
basic military
training

Acute Recovery of
Physiological and
Cognitive Function
in U.S. Army
Ranger Students in
a Multistressor
Field Environment

and Security
Corps

69 Defence force
service members

75 army recruits

(male =51,
female = 24)
Unclear

and asymmetrical
combat simulations.
To compare physical
performance and
hormone levels in men
and women exposed to a
5-day simulated military
operational stress and
assess the relationship
between self-reported
and objective measures
of allostasis with physical
performance.

To compare the effect of
traditional and
contemporary military
physical training on
hormones and body
composition in recruits
and to determine if high-
load/ high-intensity
training reduces stress
hormone response.

To present the
physiological deamands
of soldiers during and
after completing the U.S.
Army Ranger course.

Internal: Lower-
limb strength,
Tactical mobility
test, Blood
biomarkers, Female
sex hormones

External:
Questionnaires,
Sleep and caloric

intake

Internal: Hormones
concentrations
(IGF-I, TST, COR

and SHBG)

External: Body
composition

Internal: Cognitive
function, Metabolic
stress markers,
Energy
metabolism,
Protein status,
Immunological
function

External: Energy
expenditure,
Caloric intake,
Physical load

combat presented higher number of
impacts and body load.

Significant differences across
neuromuscular performance and hormonal
responses

5 Days

Significant group x time interaction for IGF-I
and COR, main effects over time for IGF-I,
COR and SHBG, main effects for time for

lean mass and fat mass changes, and a

correlation between initial aerobic fitness

and TST concentration during weeks 1 & 12.
Lower PAC values occurred among those
who completed the higher load/intensity
program compared to those on traditional

military conditioning regimen.

12 weeks

With a modest increase in sleep and energy
intake for 7 days, soldiers demonstrated
recovery of some cognitive function and

acute metabolic/stress markers.

8 weeks
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Assessing the
Effect of Long Term
Physical Training
and Classification
of Training Status
using HRV and HRR
of Female Police
Recruits

George et
al. (2015)

60 Police
recruits

The difference
between exercise-
induced autonomic

and fitness
changes measured

after 12 and 20
weeks of medium-

to-high intensity
military training

Grant et

al. (2016) recruits

Effect of different
Hormefio- combat jet
Holgado  manoeuvres in the
et al. psychophysiologica
(2019) | response of
professional pilots

154 Military

29 fighter pilots

To investigate the impact
of nine months of basic
police training on HRV
and HR recovery in
female police recruits,
and determine whether
HRV/HR recovery
measurements could
accurately classify
trainees as trained or
untrained.

Internal: HRV

To compare the physical
fitness of South African
National Defence Force
personnel after 12 weeks
and 20 weeks of training
using VO,max and HRV
as indicators.

Internal: HRV
External: PT

program
components

Internal: HR, HRV,

leg and hand
. . . strength,
To investigate the impact ——
of attack and defence air P Vs

temperature, blood
oxygen saturation,
lactate, hydration,
cortical activation,
memory and
psychological
variables

combat manoeuvres on
the psychophysiological
response of fighter
pilots.

9 months

20 weeks

approx. 35min

Basic police training can alter the
cardiovascular system and HRV/HR
recovery.

Five-min supine HRV recordings and post-
exercise recovery features can classify
recruits into trained or untrained status
with 89.7% accuracy.

Genetic algorithm optimization techniques
can reduce feature sets for HRV and HR
recovery by 50% and 68.5%, respectively
while still maintaining high classification
accuracy rates.

Significant increase in VO,max during weeks
1-12
No changes in supine and standing HRV

The defensive manoeuvre produced a
decrease in forced vital capacity and an
increase in mean HR, Stress Subjective
Perception and RPE. It also resulted in a
moderate effect in the decrease of cognitive
anxiety and an increase in leg strength.
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Irving et
al. (2019)

Johnson
et al.
(2018)

Jouanin et
al. (2004)

Jurvelin et
al. (2020)

Profiling the
Occupational Tasks
and Physical
Conditioning of
Specialist Police

Energy expenditure
and intake during
Special Operations
Forces field
training in a jungle
and glacial
environment

Analysis of Heart
Rate Variability
after a Ranger
Training Course

Training Load and
Energy Expenditure
during Military
Basic Training
Period

Survey: 132
respondents

Operational
members of the
Australian and
New Zealand
Police Tactical
Groups

29 Special
Forces
Operators

23 cadets of the
French military
academy

34 male
conscripts

To investigate the
physical fitness regimes
undertaken by specialist

police officers and
establish the nature and
context of their assigned

tasks.

The study aimed to
compare energy
requirements of Special
Operations Forces (SOF)
in different
environments and assess
their macronutrient
intakes.

The aim was to
investigate whether HRV
could indicate fatigue.

The study aimed to
compare training load
and energy expenditure
among individuals with
different fitness levels
during military basic
training.

External:
Occupational tasks,
nature and
environment,
external load
carriage, physical
training [S&C]

External: DLW

Internal: HRV, HR,
hormones (TST)

Internal:
Anthropometrics,
HR, VO2max

External: physical
activity, energy
expenditure

N/A

3 separate
training sessions,
2inahot
environment (n =
21)and1lina
cool environment
(n=8). Each
mission lasted an
average of 4.76
days.

1 month

8 weeks

The occupational task most commonly
recently undertaken was a high-risk warrant
execution followed by rural operations. The

external load was carried in all operational
circumstances, with loads typically 21-25 kg.

All officers undertook regular physical

training.

Total energy expenditure was similar in hot
and cool environments.
Energy intake was higher in the cooler
environment.
Greater attention should be paid to feeding
practices during field training missions for
Special Operations Forces.

TST level fell by approximately 28.6 +/- 7%,

indicating a high level of fatigue. During the

stand test, the total power (TP) of the HRV
spectrum increased in a supine position

Training load of BMT was comparable to
training of competitive athletes at the
highest level.

The training groups differed in terms of
VO2max to each other.

The inactive group were the most loaded
during the study period. The PA intensity of
different military tasks during the BMT
period were low or moderate (<6 METs).
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Knapik et
al. (2007)

Lockie et
al. (2020)

Nikolova
et al.
(2007)

O'Leary et
al. (2018)

Ambulatory
physical activity
during United
States Army Basic
Combat Training

Training load
demands measure
by surface
electromyography
wearable
technology when
performing law
enforcement-
specific body drags

Psychophysiologica
| Assessment of
Stress and
Screening of Health
Risk in
Peacekeeping
Operations

Sex Differences in
Training Loads
during British Army
Basic Training

57 army trainees
(male =33,
female = 24)

11 physically
active
civilians/student
s
(male =8,
female = 3)

72 male peace-
keepers of the
Bulgarian armed
forces
(w/ a control
group [n=61])

59 British Army
recruits
(male =31,
female = 28)

The researchers aimed to
investigate ambulatory
physical activity during
US Army Basic Combat

Training, comparing
activity levels among
trainees in different
training phases and
genders.

The study aimed to
determine if training load
and muscle activation
patterns required to drag
different weight
dummies changed during
a drag task in
recreationally-trained
males and females.

To assess the impact of
stress on cardiovascular
control and health risks
among Bulgarian
peacekeepers during a
PKM in Kosovo.

To compare training
loads between male and
female British Army
recruits during 14 weeks
of standard entry basic
training.

External:
accelerometers/
pedometers

Internal: SEMG

External: total
training load TL

Internal: HRV,
cognitive load
(personal
interviews), and
questionnaires

Internal: HR,
TRIMP, RPE

External: Distance,
RPE

61 days

3 days

6 months

(pre and post)

14 weeks

Physical activity levels in US Army Basic
Combat Training vary significantly between
genders and training phases. Men generally

have higher step counts, estimated
distances traveled, and average step lengths
than women. The highest level of
ambulatory physical activity was observed
during field exercises.

Quadricep TL was 9% greater, and Gluteus
maximus TL was 8% lower in the 90.72 kg
body drag compared to the 74.84 kg drag.
There were no between-mass differences in
time, Bicep femoris TL, total TL, or the
ratios. Quadricep TL increased while Glute
max TL decreased when participants
dragged a 90.72 kg dummy.
As drag time was not different between the
masses, drag mechanics may have changed
leading to increased Quad TL.

Observed reductions in parasympathetic
function and baroreceptor modulation of
heart rhythm.

Men covered more daily distance, but
average daily HR and RPE were similar
between men and women. Women had
higher daily TRIMP and men had higher
total energy expenditure during weeks 1-2
and 12-13. Daily RPE, HR, and TRIMP were
related to daily distance, and daily RPE was
related to daily TRIMP and HR.
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Ojanen et
al. (2018)

Palvina et
al. (2021)

Richmond
et al.
(2012)

Richmond
et al.
(2014)

Salonen
et al.
(2019)

Changes in Physical
Performance
During 21 d of
Military Field

Training in
Warfighters

Antioxidative
system capacity
after a 10-day-long
intensive training
course and one-
month-long
recovery in military
cadets

Comparison of the
physical demands
of single-sex
training for male
and female recruits
in the British Army

Energy balance and
physical demands
during an 8-week
arduous military

training course
Neuromuscular
Performance and
Hormonal Profile
During Military
Training and
Subsequent
Recovery Period

49 male
conscripts

42 cadets (2
females and 40
males)

60 army soldiers
(male =30,
female = 30)

40 male soldiers

20 healthy male
soldiers

To examine
neuromuscular
performance and
physical activity changes
among male Finnish
Army conscripts during a
21-day military field
training, and subsequent
recovery over 4 days.

To evaluate markers of
oxidative stress and
muscle damage in
military cadets after a
10-day intensive training
course and a one-month
recovery.

To compare physical
demands and
progression of basic
training for male and
female British Army
recruits in single-sex
platoons during a 14-
week training course.
Analyse the physical
demands and energy
balance of soldiers
during the final 8 weeks
of the 15-week SCBC

Investigate the effects of
garrison and field
military service on

neuromuscular
performance and
hormonal profile and

Internal: body
composition

External:
Accelerometery,
physical activity,

performance
measures

Internal: Blood
biomarkers

Internal: HR,
physical
performance

External: Energy
expenditure,
physical activity,
accelerometery
Internal: HR

External: DLW,
accelerometery,
physical activity

Internal: Hormones

(COR, TST, SHBG),
neuromuscular

21 days

10 days

14 weeks

8 weeks

15 days

Physical activity levels increased during
active duty compared to garrison days, but
body mass, skeletal muscle mass, and fat
mass decreased during military field
training. Muscular endurance declined
significantly, while 3.2 km loaded march
time remained unchanged.

The intensive training caused increased
muscle damage and oxidative stress, but
there were no changes in three parameters
of antioxidative system.

Physical demands and progression of basic
training were similar for male and female
British Army recruits in single-sex platoons,
except for male recruits having 12% higher
physical activity counts than females.

Soldiers in Section Commanders' Battles
Course experienced high physical demands
and energy deficit, resulting in body mass
and fat mass loss.

Neuromuscular performance can be
maintained during short-term garrison and
field training despite a decrease in
hormonal profile, and hormonal responses
during field training are greater than
garrison training, but three days of recovery
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Sanchez-
Molina et
al. (2018)

Tait et al.
(2022)

Tanskane
n et al.
(2011b)

Assessment of
psychophysiologica
| response and
specific fine motor
skills in combat
units

Recovery of
Cognitive
Performance
Following Multi-
Stressor Military
Training

Serum sex-
hormone binding
globulin and
cortisol
concentrations are
associated with
overreaching
during strenuous
military training

31 male soldiers
of the Spanish
Army

57 Australian
Army soldiers
(54 men, 3
women)

57 Military
males

assess the effects of a 3-
day recovery

Analyse psycho-
physiological response
and specific motor skills
in an urban combat
simulation with two
infantry units

Assess the impact of an
8-day military training
exercise on cognitive
performance and track

its recovery during
reduced training load
and partially restored
sleep.

Investigate the impact of

an 8-week Finnish
military basic training
period (BT) on physical
fitness, body
composition, mood
state, and serum
biochemical parameters
in new conscripts.
Additionally, determine
the incidence of
overreaching (OR) and
evaluate whether initial
levels or training
responses differ between
OR and noOR subijects.

Internal: HR, blood
oxygen saturation,
metabolites
(glucose and
lactate), cortical
activation, anxiety
and HRV

Internal: Cognitive
function, sleep, RPE

Internal:
biochemical
markers, mood
state, RPE

External: training
load estimation,
RPE

unclear

16 days

8 weeks

in free-living conditions are sufficient for

hormonal recovery.

Combat simulation alters the psycho-
physiological basal state in soldiers but has
no effect on fine motor skills.

Cognitive tests are sensitive to sleep
restriction and recovery, and they can help
assess operational readiness in military

personnel.

Found that physical demands and
progression of basic training were similar
between male and female British Army
recruits. However, male recruits had higher
physical activity counts than females.
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Association of

Tanskane Military Training
n et al. with Oxidative
(2011a) Stress and

Overreaching
Field Monitoring
the Effects of
Overnight Shift

Tomeset  Work on Specialist

al. (2021) Tactical Police

Training with Heart
Rate Variability
Analysis
Effect of Combat

Tornero- Stress in the

Aguilera  Psychophysiologica
et al. | Response of Elite
(2017) and Non-Elite

Soldiers

To investigate the effects
of an 8-week Finnish
military basic training

period on physical
fitness, body
composition, mood
state, and serum
biochemical parameters,
as well as to determine
the incidence of
overreaching and
evaluate the differences
in initial levels or training
responses between OR
and no OR subjects.
Investigate the effects of
overnight shift on HRV of
specialist police during
firearms training and
assess the feasibility of
using HRV monitoring in
tactical police
organizations.

57 male
conscripts

11 male
specialist police
officers

Analyse the impact of
combat stress on the
psychophysiological
responses of elite and
non-elite soldiers.

40 war fighters

Internal: HR,
VO2max, Hormone
(COR, TST, IGF-1)

External: RPE

Internal: HRV

Internal: HR,
lactate, COR,
strength

8 weeks

1 day

unclear

Improved VO2max during first 4 weeks of
BT, with increases in SHBG and decreases in
IGF-1 and COR. Blunted submaximal
exercise-induced increases in COR, HRmax,
and post-exercise increase in blood lactate.
33% of subjects were classified as
overreached with higher SHBG and a
decrease in maximal La/RPE ratio.

HRV may be a useful metric for quantifying
load in tactical police organizations and can
be measured in situations where data can
be used for decision-making in real-time.

Elite soldiers had significantly higher lactate
concentration after combat compared to
non-elite soldiers. Non-elite soldiers had

higher pre- and post-simulation heart rates

than elite soldiers. Elite soldiers had higher
lower muscular strength than non-elite
soldiers in all tests and before/after the
combat simulation. Cortical arousal was not
significantly different between the two
groups.
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Tornero-
Aguilera
et al.
(2018)

Vikmoen
et al.
(2020)

Wilkinson
et al.
(2008)

Use of
psychophysiologica
| portable devices
to analyse stress
response in
different
experienced
soldiers

Sex differences in
the physiological
response to a
demanding military
field exercise

A physical
demands analysis
of the 24-week
British Army
Parachute
Regiment recruit
training syllabus

49 soldiers of
Spanish Army

35 Forces
Special
Command
Conscripts
(male =23,
female = 12)

50 Parachute
Regiment
recruits

Analyse the effect of
experience and training
on psychophysiological
response, attention, and

memory of soldiers in

combat.

Investigate sex
differences in acute
effects of military field
exercise on explosive
strength, anaerobic
performance, body
composition, and blood
biomarkers, and examine
recovery in both men
and women.

The aim of this study was
to assess the physical
demands of the 24-week
Combined Infantryman's
Course (CIC) for
Parachute Regiment
(Para) recruits, develop
physical selection
standards, and
recommend
modifications to reduce
injury rates and
maximize benefits.

Internal:
Metabolites
(lactate, glucose),
oxygen saturation,
body temp, HR,
strength,
autonomic
modulation,
cortical arousal,
cognitive and
somatic anxiety,
and memory

Internal:
neuromuscular,
physical
performance,
hormones (COR,
TST, IGF-1)

External: body
composition

Internal: DLW, %HR
reserve

External:
Accelerometery

unclear

6 weeks

24 weeks

Higher experienced soldiers showed higher
physiological activation and
cognitive/memory impairment than lower
experienced soldiers after a combat
simulation. Memory function was affected
by the nature of the stimulus.

Military field exercises result in significant
losses in body mass, fat and muscle mass.
The impact is greater on women than men
in terms of explosive strength and anaerobic
performance. Recovery process is slower in
females than males. Monitoring methods
used included anthropometric
measurements, DXA scans, and blood
biomarkers.

No overall progression in physiological
stress during the first 9 weeks of training.
2.4 km run time and static lift strength
predicted 10 mile loaded march
performance.

Job-related selection procedures and a
more progressive approach to training
reduced medical discharge rates from 14.4%
to 5.1% and increased pass rates from 43%
to 58%.
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Winters
et al.
(2021)

Wyss et
al. (2012)

Altered Physical
Performance
Following
Advanced Special
Operations Tactical
Training

Ambulatory
physical activity in
Swiss Army recruits

73 United States
Marine Corps
Forces Special

Operations

Command

(MARSOC)
students

50 male army
recruits

The aim of this study was
to determine how
specific military tactical
training phases influence
overall physical
performance
characteristics and
identify any deficits that
may occur during certain
stages, so that human
performance programs
can be tailored
accordingly with
evidence-based
modifications.

The aim of this study was
to objectively assess and
compare the type,
intensity, and duration of
physical activity during
basic training provided
by each of 5 selected
Swiss Army occupational
specialties, and describe
and compare physical
activity levels among
different military
occupations in terms of
energy expenditure and
time spent performing
physically demanding
activities.

Internal: HR, blood
lactate, aerobic
power, anaerobic
capacity,
neuromuscular
power, maximal
oxygen uptake, leg
strength, shoulder
strength and trunk
extension/flexion
strength

External: percent
body fat (%BF)

Internal: HR

External:
Accelerometery

Significant changes were observed in broad
jump, 5-10-5 agility time, %BF, AP, VO2 max,
300-yard shuttle run time, AC, left knee
extension strength, trunk flexion strength,
and left shoulder external rotation strength
during two distinct tactical training phases.
These changes were identified by post hoc
Bonferroni pairwise comparisons analysis.

15 months

Physical activity levels during basic training
vary significantly among different military
occupations
Estimated energy expenditure (TEE) values
ranged between 16.8-17.1 MJ/d, which is
comparable to the recommended daily
intake for adults of similar age and gender
according to WHO guidelines
Time spent marching or performing
physically demanding activities such as
lifting/carrying loads varied greatly across
occupational specialties with some requiring
more than double the amount compared to
others.

10 weeks
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Chapter 4. From Theory to Practice: Practical Applications of

Monitoring Methods in Specialist Tactical Populations

Chapter 4 aims to bridge the gap between traditional sport and tactical
environments by exploring the practical applications of integrating monitoring
strategies with specialist tactical populations. Drawing upon the findings and insights
from the previous chapters, which examined athlete monitoring methods of traditional
sport (Chapter 2) and the monitoring methods utilised in tactical environments (Chapter
3), this chapter aims to synthesize the knowledge from these distinct domains and

achieve the following objectives:

I.  Examine the practical considerations and challenges involved in measuring
work and training loads in tactical environments.

II.  Propose practical recommendations and a framework for developing effective
load monitoring protocols tailored, specifically to the needs of specialist
tactical populations.

lll.  Contribute to the broader understanding and knowledge base on load
monitoring practices within specialist tactical populations, emphasising the

importance of evidence-based approaches in optimising performance.

Through achieving these objectives, this chapter hopes to provide researchers
and practitioners working alongside and in tactical groups with a framework to enhance

the effectiveness of load monitoring protocols to optimise performance.

4.1 Practical Considerations

In traditional sports environments, the primary goal of load monitoring protocols
is to facilitate the decision-making process of coaches and managerial staff regarding
the availability of individual players for training and competition (Bourdon et al., 2017).
However, load monitoring protocols within tactical populations cannot be easily distilled
to one goal. The primary objectives of implementing load monitoring within tactical
populations are multifaceted and complex, and should surround optimising
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performance, enhancing operational readiness, and mitigating the risk of injuries
(Dijksma et al., 2021; Michael et al., 2022; Vrijkotte et al., 2019). While individual
availability for training is an important aspect, it forms part of a broader objective aimed
at safeguarding the overall physical and psychological well-being of operators. In the
review by Michael et al. (2022), it was emphasised that practitioners working within the
tactical field should prioritise the identification of the overarching purpose behind their
monitoring protocols. As load monitoring fundamentally functions as a scientific
feedback mechanism, practitioners may become entangled in the intricacies of specific
variables and emerging technologies (Michael et al., 2022). This reiterates the
significance of informed decision-making in the selection of monitoring tools and

strategies, it is recommended practitioners consider the following questions:

. What are the practical and scientific objectives of implementing load

monitoring protocols?

II.  What analytical and interpretive strategies will be employed to develop
conclusions and insights?

lll.  What are the criteria for selecting a valid and reliable monitoring tool?

IV.  What is the appropriate timeframe for data collection (e.g., global, or specific
time frames)?

V. How can a clear feedback loop be established between practitioners and
operators?

(Bourdon et al., 2017; Michael et al., 2017)

Furthermore, establishing and implementing load monitoring strategies within
tactical operating environments presents practitioners with unique challenges. These
challenges encompass the dynamic and unpredictable nature of the environment, safety
and security concerns, data accessibility and infrastructure, ethical considerations,
participant heterogeneity, and psychological factors. To effectively address these
challenges a multidisciplinary approach is necessary, involving practitioners and experts
in sport and exercise science, medicine, human performance, tactical operations, and

data analytics.
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Chapter 3 provides a comprehensive overview of the internal and external load
monitoring strategies utilised in studies on specialist tactical populations. This Chapter
provides valuable insight into the distinct physiological and psychological demands
faced by operators within training environments, combat simulations, and specific
operations. Furthermore, the findings in Chapter 3 emphasise several practical
considerations and limitations of specific monitoring methods. To assist practitioners in
understanding these advantages and disadvantages, a summary in Table 8 adapted from
the work of Michael et al. (2022) has been provided. It is important to note that each
monitoring tool carries varying advantages and critical limitations. As a result,
practitioners must evaluate them on a case-by-case basis, considering their specific
operating constraints and environments (Michael et al., 2017). Therefore, while this
chapter offers general recommendations and a framework for practitioners to consider
when designing and implementing their monitoring protocol, it is crucial to tailor the

approach to individual circumstances.

As discussed above and alluded to in Table 8, there are copious challenges and
limitations when implementing a load monitoring protocol in tactical environments. The
following discussion will critically examine analytical, technical, and contextual
considerations. With the aim to provide practitioners with a comprehensive
understanding of the key factors and associated implications of specific load monitoring

tools.
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Table 8.

Summary of Practical Considerations of Load Monitoring Strategies in Specialist Tactical Populations. Adapted from Michael et al. (2022)

Monitoring Method

Load
measure

Advantages

Disadvantages

GPS

Accelerometry

Performance tests and
neuromuscular function

Questionnaires and self-
report measures

External

External

External

External

Provides accurate and objective gross
movement characteristics

Can identify discrete activities

Allows for real-time training modification
Enables analysis of training patterns and
progress over time

Can be integrated with other monitoring
methods

Relatively non-invasive

Low cost

Can be integrated into wearable devices or
smartphones

Can identify discrete activities

Identifies specific strengths and weaknesses
Allow for targeted training interventions

Cost effective

Easy to administer

Minimal equipment required

Captures insights and perspectives
Tailored to specific research or monitoring
objectives

Security concerns

Requires equipment for data handling and
analysis

Requires satellite (outdoors only)

Signal can be affected by environmental factors
(buildings, tree coverage)

Limited indoors use

Battery life limitations

Lacks qualitative context

Requires equipment for data handling and
analysis

Limitations distinguishing tactical specific tasks
Requires calibration and validation

Placement and adherence may vary

No real-time insights

Often require specialist equipment and
personnel

May be invasive

May not translate to operational tasks

Subjective, relies on individual recall accuracy
Potential for biased or inconsistent answers
Undefined/non-specific physiological meaning
Interpretation requires caution due to potential
social desirability bias

Limited actionability for most measures
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Diaries and training logs

Direct observation

Perceived exertion

External

External

Internal

Minimal data input

Low cost

Allows for self-reflection and tracking of
progress

Capture qualitative information

Guide and monitor training progression
Promotes accountability and adherence to
training plans

Can be stored on user devices

Low participant burden

Provides real-time, objective assessment
Allows for immediate feedback, coaching or
correction

Capture details not easily measured by other
monitoring methods (joint angles, body
positioning)

Potential for highly detailed qualitative
information

Non-invasive

Low cost

Simple to administer

Direct measure of physiological response
Strong relationship with metabolic rate
Can identify discrete activities

Real-time assessment

Allows individuals to self-regulate

Not always reflective of actual activity

Reliance on individual consistency and accuracy
Time-consuming and prone to errors
Subjective and lacks standardisation

High staff burden (observation, data entry)
Requires trained observers

Potential for observer bias, or subjective
interpretation of movements

Limited applicability to large-scale monitoring or
real-world settings

Subjective

May not accurately reflect physiological response
Limited actionability over extended tactical
operations
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Heart rate

Heart rate variability

Oxygen consumption

Training impulse

Internal

Internal

Internal

Internal

Non-invasive

Low cost

Simple to administer

Direct measure of physiological response
Strong relationship with metabolic rate

Can identify discrete activities

Can prescribe and modify training in real time
Allows individuals to self-regulate

Non-invasive
Quantifies holistic stress/readiness

Provides a direct measure of metabolic
demand, and energy expenditure

Real-time feedback

Precise determination of metabolic intensity
Can be measured via laboratory-based
techniques or estimated through wearable
devices

Considers both exercise intensity and duration
Non-invasive
Low cost

Data handling/analysis requirements

Battery life limitations

User comfort unsuitable for long-term use
Potential for external influence (caffeine,
hydration, stress etc.)

Changes in HR may lag behind changes in
exercise intensity, limiting real-time feedback
HR alone may not capture other important
aspects of physical performance
Physiological interpretation of TRIMP metrics
unclear

Requires further evidence from well controlled
training studies

Requires expertise to interpret raw data

Data handling/analysis requirements

Requires standardised day-to-day measurements
Requires longitudinal monitoring for effective
insights

Laboratory-based measurements require
specialist equipment and personnel

Expensive and impractical for field use
Calculations via wearable devices may lack
accuracy

Does not directly provide detailed insight into
anaerobic metabolism or specific performance
measures

Requires accurate and consistent records

Varying results based on models
Unclear overall metrics
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Biochemical markers

Doubly labelled water

Hormonal markers

Metabolites

Cognition

Internal

Internal

Internal

Internal

Internal

Provide insights into physiological responses
Allows for individualised interventions or
adjustments

Useful in clinical or research settings

Accurate measurement of total energy
expenditure

Reliable assessment of metabolic rate
Valuable for long-term research on energy
expenditure

Non-invasive and simple to administer

Provide insights into physiological response and
adaptations

Can potentially identify hormonal
imbalances/abnormalities

Provide insight into metabolic response

Can identify metabolic thresholds and training
zones

Relatively non-invasive

Potential early detector of fatigue
Non-invasive

Relatively low cost

Provides an objective measure of decision-
making and working memory capability

Requires specialist testing and equipment
Expensive and invasive

Timing of sample collection, standardisation, and
storage conditions are critical for accurate results
May not correlate with performance outcomes
Cannot be used to prescribe training

Requires specialist equipment and expertise for
analysis

Expensive and time-consuming

Limited practicality for individual monitoring
Does not reflect discrete activities

Does not provide real-time or detailed
information on specific physiological responses
Expensive and requires specialist laboratory
testing and personnel

Cannot be used to prescribe training

Hormone levels fluctuate throughout the day,
making it challenging to obtain accurate and
representative measurements

Hormonal responses may not directly correlate
with performance outcomes

Expensive and requires specific equipment or
laboratory analysis

Requires expert personnel for interpretation
Can be influenced by other variables (nutrition,
hydration, environmental conditions)

Limited contextual information

Lack of standardisation

Time and resource intensive

Individual variability

Ethical considerations for some tests

Lack of long term monitoring
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4.1.1 Analytical, Technical, and Contextual Considerations

Validity and Practicality

Researchers evaluate the validity and reliability of emerging technologies and
monitoring tools through rigorous scientific tests and procedures (Greenham et al.,
2018; Kupperman et al., 2020; Migueles et al., 2017; Rago et al., 2020). However, it is
the responsibility of the practitioner to interpret and evaluate the practicality of these
technologies and tools within their specific operating environment. Additionally,
practitioners are responsible for identifying how the monitoring method will align with
their overarching objective(s) and determine if it will provide meaningful insights
(Michael et al., 2022). Further, practitioners often encounter external constraints which
impact their decision-making process, some examples include lack of funding, limited

resources, logistical challenges, and operational conditions.

The initial concern practitioners must consider is the validity of each monitoring
method (Bourdon et al., 2017). Validity is critically important, as it serves as a foundation
for whether the monitoring method measures what it is intended to measure (Alvar et
al., 2017; Bourdon et al., 2017; Impellizzeri et al., 2019). Evaluating the validity of a test
or tool allows practitioners to ensure the collected data accurately reflects the intended
variable and provides a solid foundation for informed decision-making. Essentially,

validity acts as the cornerstone for evidence-based decision-making.

As reported in Chapters 2 and 3, the validity and reliability of certain monitoring
techniques and methods have been extensively reviewed in controlled settings.
However, their implementation in tactical environments necessitates a critical
evaluation of their practicality considering logistical, operational, and time-sensitive
constraints. For example, DLW is a well-established and validated (Capling et al., 2017;
Michael et al., 2022) monitoring technique that demonstrates high validity and reliability
in quantifying total energy expenditure and water turnover rates across sport (Capling
et al., 2017; Parker et al., 2022) and tactical settings (Blacker et al., 2003; Friedl| et al.,
1995; Johnson et al., 2018; O’Leary et al., 2018; Richmond et al., 2012; Richmond et al.,

2014). While DLW is considered a gold standard method of measurement (Michael et
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al., 2022), its practical implementation within tactical environments poses some of the

following challenges:

1.

Laboratory requirements: DLW analysis requires specialist laboratory equipment
and personnel to process and assess the isotopes found within urine samples
(Schoeller et al., 1982). However, these laboratory facilities are rarely available
or accessible within tactical operational or training environments. Furthermore,
the costs associated with this analysis can be prohibitive, particularly in
governmental settings where resources are often limited.

Sample collection: DLW analysis involves multiple urine sample collections over
a relatively long measurement period, typically spanning one to two weeks
(Blacker et al., 2003; Johnson et al., 2018; O’Leary et al., 2018; Richmond et al.,
2012; Richmond et al., 2014). Furthermore, collecting and storing urine samples
in the field can be logistically challenging and time-consuming. As seen in the
study by Johnson et al. (2018) where researchers travelled a total of 27.7-km
over 9-days with SOF through both glacial (cold) and jungle (hot) environments,
whilst collecting and storing urine samples.

Result timeline: Due to the requirement of a laboratory for processing and
analysis, obtaining results can take days or weeks (Johnson et al., 2018; O’Leary
et al., 2018). This constraint may not align with the need for immediate decision-

making, and may not be practical in dynamic tactical environments.

Ultimately, certain monitoring methods have been extensively established as

valid and reliable tools within controlled research settings, such as the DLW method

(Capling et al., 2017; Johnson et al., 2018). However, the practical implementation of

these methods within tactical environments may not be feasible and pose significant

constraints, as discussed in the above example. Practitioners may need to explore other

field-friendly alternatives that are more practical, portable, and provide real-time

feedback. For example, in the case of DLW analysis, field-friendly alternatives

encompass wrist-mounted wearable sensors (Argent et al., 2022), and urine-specific

gravity tests (Chapelle et al., 2020). However, these field-friendly advantages come at

the cost of validity. There is contention surrounding the accuracy and reliability of

consumer wrist-mounted wearables in estimating energy expenditure, with various
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results and methodologies in the current research landscape (Fuller et al., 2020;
O'Driscoll et al., 2020). Whereas, urine-based hydration assessments are established as
reliable and practical, however, they can be heavily influenced by external variables such
as the timing of fluid intake, nutrition, and the impact of renal responses during physical
activity (Chapelle et al., 2020; Hew-Butler et al., 2018). In the selection of a monitoring
method, practitioners must carefully evaluate the balance between practicality and
validity, considering the constraints and limitations of each method and determining the

tool or strategy that best meets the needs of their unit or team.

Wear tolerance

Another concern practitioners must consider is the durability and robustness of
the employed monitoring method. Tactical operational environments are some of the
most austere and hazardous conditions on the planet (Alvar et al., 2017; Tornero-
Aguilera et al., 2017). Therefore, the monitoring devices or tools need to be highly
durable and resistant to physical impacts, moisture, dust, extreme temperatures, and
other environmental factors that operators may encounter (Alvar et al.,, 2017).
Furthermore, these devices must be able to withstand these demanding conditions

without compromising functionality or performance.

User comfort and ergonomics are confounding factors in terms of wear
tolerance. For example, Beeler et al. (2018) reported that chest-worn devices were more
likely to have a negative impact on operational performance in military populations
compared to devices mounted on the extremities (e.g., foot, arm, or wrist). Anecdotal
observations from Michael et al. (2022) support these findings, noting several issues

from the prolonged wearing of chest-worn monitoring devices, such as:

- Skin irritation,
- Discomfort under PPE (e.g., body armour),
- Difficulties during sleep and prone activities,

- Devices catching on obstacles and equipment.
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These limitations in wear tolerance, including issues related to user comfort both
in rest and tactical-specific tasks can significantly impact user compliance and result in
sporadic data collection. These patterns are evident in the context of BMT, where HR
monitoring has been observed to be conducted across a range of 25 to 50% of the total
duration (Blacker et al., 2009; O’Leary et al., 2018; Richmond et al., 2014; Wilkinson et
al., 2008). These reports emphasise the need for practitioners to prioritise freedom of
movement and minimise discomfort when employing or designing monitoring devices
that will be worn concurrently with PPE or uniforms. The integration of functionality and
equipment is often highlighted as an important criterion for wear tolerance. However,
the diverse range of apparel, PPE, and equipment utilised across tactical populations
poses a significant challenge in standardising monitoring strategies. Therefore,
practitioners should work with their end-users to evaluate the efficacy of the proposed
monitoring strategy. Additionally, practitioners with adequate time and resources could
engage and collaborate with manufacturers and industry stakeholders to develop
tailored monitoring strategies that seamlessly integrate with the existing gear of their
specific unit or team. This collaborative approach, combined with in-house validation of

practices, may ensure optimal implementation and effectiveness (Bourdon et al., 2018).

Battery life

One important technical concern in wearable technology within tactical
environments is battery life and power management. Extending battery life has
emerged as a key technological focus in various wearable domains, such as phones and
smartwatches (Argent et al., 2022). The integration of load management systems and
technology has raised concerns for practitioners about the accessibility to power for
those working within tactical environments (Michael et al., 2022). Table 8 highlights
several monitoring methods that are limited by battery life such as GPS, accelerometry,
and HR tools. While some devices have the capability to manipulate sampling frequency
which may conserve power (Dlugosz & Iniewski, 2006), this may result in a trade-off by
compromising data granularity, as evidenced by variations in GPS wearable devices
(Kupperman et al., 2020; Rago et al., 2020). Furthermore, devices such as HR chest
straps and smartwatches that require frequent recharging or battery replacement pose

practical challenges for monitoring prolonged periods of tactical activities or operations.
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This can be particularly problematic in environments with limited or impractical access
to power sources, hindering continuous data collection and monitoring. Therefore,
practitioners need to carefully consider the battery life limitations of specific monitoring

devices and align them with the needs and requirements of their unit or team.

However, while technological monitoring methods may seem appealing, it is
critical for practitioners to consider the earlier question: “What are the practical and
scientific objectives of implementing load monitoring protocols?” (Bourdon et al., 2017;
Michael et al.,, 2017). Validity and practicality should be compared between
technological methods and simpler approaches (Windt et al., 2020). For example,
perceptual measures such as the talk test and RPE are equally effective in developing
cardiopulmonary adaptation compared to HR-guided training (Foster et al., 2018).
Importantly, these perceptual measures do not present the limitations associated with

technological methods, offering a viable alternative for practitioners.

Logistics and Resources

Several of the gold-standard monitoring methods discussed in the previous
chapters require significant financial resources to acquire the necessary equipment and
technology. For example, out of the sixteen monitoring methods outlined in Table 8, ten
involve associated costs. Even wearable devices with relatively lower financial burdens
such as HR monitors, come with certain expenses. It isimportant to note that these costs
are dependent on individual circumstances. While practitioners working with small units
or teams may be able to manage these expenses, those operating within larger groups
(e.g., many military settings) may face multiplied financial burdens (Michael et al., 2022).
Additionally, there can be added costs, such as software and data analysis tools that are
required to interpret and analyse the results. Where the scale of the group or population
being monitored can amplify the financial challenges associated with implementing

these load-monitoring strategies.

Furthermore, there are logistical challenges in monitoring and collecting data
from large groups. The collection, inspection, and cleaning of substantial amounts of

data generated by wearable devices requires careful allocation of resources, as well as
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time and expertise (Michael et al., 2022). Additionally, certain monitoring methods, as
discussed in Chapter 3, restrict access to raw data (e.g., GPS) and utilise proprietary
analysis algorithms that are not publicly available (Bourdon et al., 2017; Migueles et al.,
2017). While these approaches may offer convenience and visually appealing data, it
limits practitioners’ ability to conduct independent analysis (Michael et al., 2022).
Alternatively, practitioners can utilise written logs or direct observation methods.
However, it isimportant to acknowledge that these approaches are labour-intensive and
require substantial amounts of time for data input (Michael et al., 2022). Furthermore,
relying solely on subjective and qualitative observation methods introduces the
potential for inter-rater variability and may lack the quantitative validity sought by

practitioners, decision-makers, and operators.

Data Security and Analysis

Data security is a significant risk and limitation associated with load monitoring
strategies within tactical environments. Many of the wearable devices commercially
available for practitioners and operators, utilise and rely on wireless transmission, GPS,
and third-party cloud systems that necessitate an internet connection. However, these
data transmission methods can be vulnerable to interception, leading to critical security
breaches. A notable example was the recent “Global Heat Map” that publicly
compromised and exposed several secure U.S. Military bases (Sly, 2018), consequently,
resulting in the restriction of personal GPS transmission during deployments across
several militaries (Michael et al., 2022). Therefore, it is imperative practitioners
thoroughly assess the security measures associated with data upload, location, and
transmission before undertaking any data collection and management within tactical

environments.

In addition to data security concerns, the volume of data generated from various
monitoring methods during prolonged operational tasks presents challenges in data
cleaning and interpretation. The process of reducing the data to summary measures
inherently involves a loss of information. Thus, practitioners should consider the
strategy and approach for presenting this data and finding a balance between simplicity

and complexity (Michael et al., 2022). For example, it would be misleading to present a
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single mean HR value to represent an activity lasting over a 10-hr period, as it
oversimplifies the representation. This approach would fail to capture intensity
fluctuations over time and may mask the physiological implications of intermittent high-
intensity activity (Michael et al., 2022). By focusing solely on the mean value, the
dynamic nature of physiological responses and the cumulative effect of intense periods

can be overlooked.

Michael et al. (2022) also advise caution when interpreting summary metrics
(e.g., TRIMP and sRPE) as the weightings of intensity and duration used in these arbitrary
units and equations may not be adequately validated to reflect meaningful physiological
constructs of tactical environments (Borresen & Lambert, 2009). For instance, the
TRIMP values observed during BMT are approximately 1400 AU (arbitrary units) per
week, and thus comparable to elite athletes ranging from 800 to 2000 AU per week
(Jurvelin et al., 2020). However, the physiological demands placed on these groups and
contexts differ significantly. BMT typically involves 10 to 16-hr days at predominantly
low-to-moderate intensities with significant load carriage components (Blacker et al.,
2009; Grant et al., 2016; O'Leary et al., 2018; Richmond et al., 2012; Wilkinson et al.,
2008; Wyss et al., 2012), whereas athletic populations engage in 1 to 5-hrs of specific
and relatively intense training per day (Borresen & Lambert, 2008; Daanen et al., 2012;
Impellizzeri et al., 2004; Michael et al., 2022). This example underscores the significance
of contextualising datasets to specific events or activities, emphasising the need for
practitioners to carefully consider the presentation and reporting of data to operators
and decision-makers (Michael et al., 2022). Furthermore, practitioners should establish
clear connections between specific physiological constructs and the load unit or

measure employed.

4.2 Framework and Recommendations

As outlined in the previous discussion, the development and implementation of
load monitoring strategies in specialist tactical populations poses numerous practical

considerations and challenges that differ from those found in traditional sports
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environments (Bourdon et al., 2017; Michael et al., 2022). To ensure the effectiveness
and practicality of implementing a monitoring system into tactical environments, it is
crucial to address the limitations and challenges associated with each monitoring
method. However, this evaluation process can be challenging. Therefore, Figure 3
presents an outline of the five key considerations for developing and implementing a
load monitoring strategy or system that is specifically designed for specialist tactical
environments. These considerations encompass practices and recommendations found
within traditional sporting environments (Bourdon et al., 2017), whilst also applying the

limitations and practical considerations of the previous discussion.

‘ Identify if tool is valid and reliable

\
‘ Identify whether data is for research or applied feedback
|

‘ Determine the time frame of the tool

[

‘ Establish a clear feedback loop

/
Identify when the data is needed

/

4

Figure 3. Key Considerations for Load Monitoring within Tactical Populations.

Furthermore, due to the disparity of available literature between traditional
sports and tactical populations, Figure 4 presents a framework and summary that
integrates findings and common practices from both domains. It draws upon traditional
sports monitoring methodology (Bourdon et al., 2017) and current practices observed
within specialist tactical environments (Michael et al., 2022). However, it is essential for
practitioners who wish to apply the findings presented in this dissertation to consider,

adapt, and tailor the evidence-based practices to their specific unit or team.
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e Consider operational demands

Tailor load monitoring protocols to capture the unique physical and physiological
demands

«|dentify key performance indicators and relevant variables that align with the specific
tasks and operational contexts of the tactical population

e Establish baseline measurements

*Establish individual profiles and performance benchmarks

e Utilise a multivariate approach

*Integrate a combination of workload, physiological, psychological, and biochemical
markers

e Implement real-time monitoring

* Allowing for timely adjustments to programs, workload distribution, and recovery
strategies, optimising performance outcomes, and reducing the risk of non-functional
overreaching or injury

= Ensure data security and privacy

*Use secure and encrypted data transmission methods, establish strict access controls,
and adhere to data protection regulations to safeguard the privacy of participants and
mitigate potential risks

S Consider practicality and usability

*Select devices that are practical and user-friendly
*Consider device durability, wearability, and compatibility with operational equipment

mml  INtegrate data analysis and visualisation tools

« Effectively interpret and communicate collected data

« Utilise user-friendly software platforms that facilitate data management, processing,
and visualisation, enabling practitioners to make informed decisions

e Regularly evaluate and update protocols

* Assess effectiveness of protocols through data analysis, participant feedback, and
collaboration with interdisciplinary teams

*Incorporate advancements in technology, address emerging challenges, and optimise
the relevance and accuracy of the data

Figure 4. A Framework of the Key Considerations for Implementing Load Monitoring

Protocols in Tactical Environments

Practitioners should adapt and modify the considerations presented in Figure 4
based on the unique characteristics of their operational environment. Contextual
factors such as specific operational demands, physical profiles, available resources,

technological advancements, operational needs, and objectives should be considered

114



when implementing and utilising this framework (Bourdon et al., 2017; Dijksma et al.,
2021; Michael et al., 2022; Vrijkotte et al., 2019). Furthermore, the purpose of this
framework is to synthesize the primary considerations for practically implementing load
monitoring strategies and to encourage practitioners to critically evaluate their
applicability to their specific circumstances. Additionally, it is crucial to recognise that
the field of load monitoring across sport and tactical environments is dynamic, with
regular technological advancements and emerging research (Dijksma et al., 2021;
Michael et al., 2022). Therefore, practitioners should continuously evaluate and update
their protocols to incorporate promising methodologies and technology (Bourdon et al.,
2017). Furthermore, the collaboration with interdisciplinary teams, units, and groups
between tactical and sports domains will help contribute to the evolution of load

monitoring practices across tactical populations.

In summary, this framework serves as a valuable tool for practitioners when
developing and implementing load monitoring strategies within specialist tactical
populations, providing guidance and insight from both the sports and tactical domains.
Practitioners are encouraged to adapt and refine these considerations based on their
individual needs and objectives, while also staying informed about emerging research

and technological advancements across both fields.

4 3 Future Research

This dissertation has made substantial contributions to the understanding and
knowledge base on load monitoring practices and their application within specialist
tactical populations. However, there are several areas of research that warrant further
investigation. The following suggestions aim to inspire future scholars and researchers
to delve deeper into the complexities of load monitoring within specialist tactical
populations, in order to expand our collective knowledge and enhance the training and

performance optimisation strategies for these groups.

1. Identification of physiological and psychological demands during operational

environments: While there is a growing body of research conducted in training
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environments and field exercises, there is a lack of data coming from
operational settings.

Load monitoring and cognitive performance: Currently, there is a growing
body of research surrounding the impact of sleep deprivation on cognition
(Tait et al., 2022). However, there is limited evidence surrounding cognitive
skills training within tactical environments.

Data surrounding the use of a multivariate load model: This information would
enhance the clarity of the internal and external physiological and psychological
demands.

Development of advanced load monitoring technologies: Current monitoring
devices have several limitations in practicality within tactical environments.
Future research should focus on the development of technology specifically
designed to tolerate the demands of tactical environments.

Longitudinal studies on load management and performance outcomes: Long-
term studies that tack load patterns, training responses, injury occurrences,
and performance metrics over extended periods would provide valuable
insights into the dose-response relationship and the impact of load monitoring
protocols on long-term performance outcomes.

Investigations of load monitoring strategies across different tactical
populations: The demands and operational contexts vary across different
tactical populations. Future research should examine the applicability and
effectiveness of load monitoring strategies across these populations.
Furthermore, comparative studies that explore similarities and differences in
load profiles, injury risk factors, and performance outcomes would enable the
development of tailored load monitoring protocols specific to each tactical
population.

Validate load-outcome models: Michael et al., (2022) highlighted the need for
validating the use of load data in predicting health and performance outcomes.
Suggesting a three-step process involving mechanistic exploration, hypothesis
testing, and controlled trials to establish the predictive value of load metrics
and assess the benefits of modifying prescriptions based on the feedback of

load data.
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Appendices

Appendix A.

Internal Monitoring Methods in Traditional Sports Environments.

Study Sport HR HR HRV TRIMP Hydration Hormone Lactate Glucose RPE Cognltl.on/
Recovery Markers Reaction
Abbott et al. (2018) Soccer X
Abdullahi et al. (2019) Badminton X
Akiyama et al. (2019) Lacrosse X
Akubat et al. (2018) Soccer X X X
Alder et al. (2019) Badminton X X
Altmann et al. (2021) Soccer X X
Anderson et al. (2021) Soccer X
Anguis et al. (2022) Football X X
Aoki et al. (2017) Basketball X X X X
Askow et al. (2021) Soccer X X X
Azcarate et al. (2020) Soccer X
Barnes et al. (2020) Rugby X X
Beato et al. (2017) Futsal X X
Beato et al. (2021) Soccer X X
Bélka et al. (2017) Handball X X
Benjamin et al. (2021) Soccer X X
Bigg et al. (2021) Hockey X
Birdsey et al. (2019) Netball X
Birdsey et al. (2022) Netball X
Bjgrndal et al. (2021) Handball X
Blair et al. (2018) Rugby X
Bozzini et al. (2021) Volleyball X
Brandes et al. (2021) Soccer X X X
Branquinho et al. (2020) Soccer X
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Branquinho et al. (2021) Soccer X
Bredt et al. (2020) Basketball X
Brisola et al. (2020) Water polo X
Bruno et al. (2021) Other X
Buchheit et al. (2021) Soccer X
Bunn et al. (2021) Lacrosse X
Campbell et al. (2018) Rugby X X
Campbell et al. (2021) Football X X
Camposi\zl(a);cil;ez et al. Soccer y «
Castillo et al. (2017) Soccer X X X
Castillo-Rodriguez et al. Soccer y
(2020)
Cirer-Sastre et al. (2019) Soccer X X X
Clemente et al. (2018) Soccer
Clemente et al. (2019) Soccer
Clemente et al. (2019) Soccer X X
Coelho et al. (2019) Other X X
Coker et al. (2021) Soccer X
Colby et al. (2018) Football
Colosio et al. (2021) Soccer X
Comyns et al. (2021) Rugby X
Conlan et al. (2021) Rugby
Conte et al. (2021) Rugby X
Conte et al. (2021) Basketball X X
Conte et al. (2021) Basketball X
Coppalle et al. (2021) Soccer X
Coppus et al. (2021) Soccer X X
Costa et al. (2019) Soccer X X X
Costa et al. (2022) Soccer X X X
Costa et al. (2019) Soccer X X
Costa et al. (2021) Soccer X X X
Costa et al. (2022) Soccer X
Coyne et al. (2021) Basketball
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Crang et al. (2020)
Crouch et al. (2021)
Cruz et al. (2018)
Cullen et al. (2021)
Curtis et al. (2021)
da Silva et al. (2021)
Dalen et al. (2019)
Daniel et al. (2021)
de Dios-Alvarez et al.
(2021)
de Dios-Alvarez et al.
(2021)
Delecroix et al. (2019)

Dello lacono et al.
(2017)

Dobbin et al. (2021)

Doeven et al. (2021)
Douchet et al. (2021)
Dubois et al. (2021)
Duthie et al. (2018)
Enes et al. (2021)
Enes et al. (2021)
Ferioli et al. (2018)
Ferioli et al. (2021)

Fernandes et al. (2021)
Fernandes et al. (2022)
Fernandez et al. (2021)

Fields et al. (2021)
Fields et al. (2021)

Figueiredo et al. (2019)

Flatt et al. (2018)
Flatt et al. (2019)
Fox et al. (2020)

Rugby
Lacrosse X
Basketball
Football X

Soccer

Soccer

Soccer

Hockey

Soccer

Soccer

Football
Soccer X

Touch
Rugby
Basketball
Soccer
Rugby
Soccer
Soccer
Soccer
Basketball
Basketball
Soccer
Soccer
Hockey
Soccer
Soccer
Football
Football
Rugby
Basketball

X X X X X X X X X X
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Fox et al. (2020)
Fox et al. (2022)
Fox et al. (2018)
Gallo-Salazar et al.
(2019)
Gamonales et al. (2021)
Gantois et al. (2022)
Garcia et al. (2022)
Garcia-Ceberino et al.
(2022)
Garcia-Santos et al.
(2019)
Gentles et al. (2018)
Ghali et al. (2020)
Gielen et al. (2021)
Giménez et al. (2021)
Giménez et al. (2019)
Gongalves et al. (2020)

Gonzalez-Fimbres et al.
(2021)

Goodale et al. (2017)
Govus et al. (2021)
Graham et al. (2021)
Graham et al. (2021)
Griffin et al. (2021)
Grinbichler et al. (2021)
Gualtieri et al. (2020)

Guridi Lopategui et al.
(2021)

Halouani et al. (2019)
Hammami et al. (2018)
Harry et al. (2020)
Hauer et al. (2020)

Basketball
Basketball
Basketball

Tennis

Soccer
Soccer
Basketball

Soccer

Basketball

Soccer
Basketball
Volleyball

Soccer

Soccer

Hockey

Hockey

Rugby
Football
Football
Football

Rugby

Soccer

Soccer

Football

Soccer

Soccer

Hockey
Lacrosse

X X X X

X X X X
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Heinrich et al. (2020) Other X X

Horta et al. (2021) Volleyball X
Howle et al. (2020) Football X
lacono et al. (2022) Football X X
lannaccone et al. (2022) Handball X
Ihsan et al. (2017) Hockey X
James et al. (2021) Squash X X X
James et al. (2021) Squash X
Jaspers et al. (2021) Soccer X
Jaspers et al. (2018) Soccer X
Jaspers et al. (2018) Soccer X X
Jinetal. (2022) Basketball X X X X
Jorge Santos et al. Soccer
(2021)
Kamarauskas et al.
(2021) Basketball X X
Khoramipour et al.
(2021) Basketball X X
King et al. (2021) Netball X
Kniubaite et al. (2019) Handball X X
Koklu et al. (2017) Soccer X X X
Konarski et al. (2021) Hockey X
Krueger et al. (2021) Hockey X X X X
Kunz et al. (2021) Soccer X X
Lacome et al. (2018) Soccer X
Lacome et al. (2021) Soccer X
Lastella et al. (2021) Basketball
Lathlean et al. (2021) Football X
Ledo et al. (2022) Football
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Leduc et al. (2019)
Lee et al. (2019)
Leicht et al. (2021)
Li et al. (2021)
Lima et al. (2022)
Lima et al. (2021)
Lima et al. (2020)
Lo et al. (2022)
Lorenzo Calvo et al.
(2021)
Lovell et al. (2021)
Lu et al. (2021)
Lukonaitiené et al.
(2021)
Lukonaitiené et al.
(2020)

Lupo et al. (2021)
Lupo et al. (2021)

Luteberget et al. (2021)

Malone et al. (2018)
Malone et al. (2019)
Malone et al. (2019)
Malone et al. (2020)
Malone et al. (2018)
Malone et al. (2018)
Malone et al. (2017)
Malone et al. (2017)

Mancha-Triguero et al.

(2021)
Manuel et al. (2020)
Martin et al. (2021)

Martinez-Serrano et al.

(2021)

Marynowicz et al. (2020)

Rugby
Soccer
Basketball
Basketball
Volleyball
Volleyball
Volleyball
Rugby

Basketball

Soccer
Futsal

Basketball X

Basketball X

Rugby
Basketball
Football
Soccer

Other

Other X
Football

Soccer

Soccer
Football
Football

x

Basketball

Soccer
Soccer

Soccer

Soccer

X X X X X
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Mateus et al. (2021)
Maughan et al. (2021)
Maughan et al. (2021)
Maughan et al. (2022)
McCaskie et al. (2018)
McFadden et al. (2020)
McFadden et al. (2022)
McFadden et al. (2020)

McGuinness et al. (2019)
McGuinness et al. (2019)
McGuinness et al. (2020)
McGuinness et al. (2022)

McLaren et al. (2021)

Mendes et al. (2018)

Mhenni et al. (2017)
Milanovic¢ et al. (2020)

Montgomery et al.

(2021)

Montini et al. (2020)

Méra et al. (2021)

Morandi et al. (2021)

Mullen et al. (2021)

Mullen et al. (2021)

Myers et al. (2020)
Nakamura et al. (2021)
Nakamura et al. (2021)

Nicolo et al. (2021)

Nobari et al. (2021)

Nobari et al. (2021)

Nobari et al. (2021)

Nobari et al. (2022)

Nobari et al. (2021)

Noor et al. (2021)

Nunes et al. (2020)

Soccer
Football
Soccer
Soccer
Football
Soccer
Soccer
Soccer
Hockey
Hockey
Hockey
Hockey
Rugby
Volleyball
Handball
Football

Basketball

Soccer
Soccer
Soccer
Rugby
Rugby
Tennis
Futsal
Rugby
Soccer
Soccer
Soccer
Soccer
Soccer
Soccer
Football
Soccer

X X X X X

xX X

X X X X

X X X X X X X

X X X X X X X

170



O'Keeffe et al. (2020)
Oliva-Lozano et al.
(2021a)
Oliva-Lozano et al.
(2021b)
Oliveira et al. (2019)
Oliveira et al. (2020)
Oliveira et al. (2019)
Oliveira et al. (2021)
Oliveira et al. (2021)
Op De Beéck et al.
(2019)
Otaegi et al. (2020)
Ozaeta et al. (2022)
Panduro et al. (2022)

Papadakis et al. (2020)

Paulsen et al. (2018)
Pereira et al. (2019)
Pereira et al. (2021)
Phibbs et al. (2018)
Portes et al. (2021)

Poureghbali et al. (2021)

Pévoas et al. (2021)
Puente et al. (2017)
Pueo et al. (2021)
Querido et al. (2021)
Quintas et al. (2020)
Rabbani et al. (2019)
Rago et al. (2019)
Rago et al. (2020)
Rago et al. (2021)
Ramos-Campo et al.
(2021)

Football

Soccer

Futsal

Soccer
Soccer
Soccer
Soccer
Soccer

Soccer

Basketball
Soccer
Football
Soccer
Soccer
Soccer
Soccer
Rugby
Basketball
Basketball
Handball
Basketball
Handball
Football
Football
Soccer
Football
Football
Hockey

Basketball

X X X X X

X X X X X
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Raya-Gonzalez et al.
(2019)

Reina Roman et al.
(2019)
Reinhardt et al. (2021)
Reinhardt et al. (2020)
Rentz et al. (2021)
Ribeiro et al. (2022)
Ritchie et al. (2017)
Robineau et al. (2019)
Roe et al. (2017)

Romero-Moraleda et al.

(2021)
Rossi et al. (2021)
Ruben et al. (2021)
Russell et al. (2021)
Saidi et al. (2022)
Saidi, et al. (2019)
Sanchez-Saez et al.

(2021)

Sdnchez-Sanchez et al.
(2021)
Sanders et al. (2019)
Sansone et al. (2022)
Sansone et al. (2021)
Sansone et al. (2021)
Sansone et al. (2020)
Scanlan et al. (2017)
Scanlan et al. (2021)
Scanlan et al. (2019)
Scott et al. (2018)
Sekiguchi et al. (2021)
Silva et al. (2018)
Simim et al. (2021)

Soccer

Basketball

Soccer
Soccer
Soccer
Futsal
Football
Rugby
Rugby X

Soccer

Soccer
Basketball
Netball
Soccer
Soccer

Handball X

Soccer X

Other
Basketball
Basketball
Basketball
Basketball X
Basketball
Basketball
Basketball

Football

Soccer

Football
Soccer

x

X X X X X

X X X X

X X X X X X X X
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Simpson et al. (2020a)
Simpson et al. (2020b)
Sobolewski et al. (2020)
Spencer et al. (2020)
Spencer et al. (2020)
Springham et al. (2021)
Stochi de Oliveira et al.
(2021)
Stojiljkovi¢ et al. (2020)
Suarez-Iglesias et al.
(2021)
Svilar et al. (2018)
Tai et al. (2022)
Taylor et al. (2018)
Teixeira et al. (2021)
Teixeira et al. (2021)
Thorpe et al. (2021)
Tometz et al. (2022)
Troester et al. (2022)
Truppa et al. (2021)
Uthoff et al. (2022)
Vahia et al. (2021)

Vickery et al. (2021)

Vigh-Larsen et al. (2021)
Vigh-Larsen et al. (2020)
Weaving et al. (2021)
Weaving et al. (2020)
Weaving et al. (2017)
Weaving et al. (2021)
Weiss et al. (2021)
Whitworth-Turner et al.
(2019)

Wiig et al. (2020)

Netball
Netball
Football
Netball
Netball
Football

Futsal
Handball
Basketball

Basketball
Badminton
Rugby
Futsal
Football
Soccer
Volleyball
Rugby
Football
Soccer
Soccer
Touch
Rugby
Hockey
Hockey
Rugby
Rugby
Rugby
Rugby
Basketball

Soccer

Football

X X X X X

X X X X X X
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Willberg et al. (2022) Basketball
Williams et al. (2021) Basketball X
Williams et al. (2018) Rugby X X
Williamson et al. (2020)  Swimming X X
Wood et al. (2022) Netball X
Wundersitz et al. (2021) Soccer X
Younesi et al. (2021) Soccer X X
Younesi et al. (2021) Soccer X
Zurutuza et al. (2017) Football X
Zurutuza et al. (2019) Football X X
n= 165 5 21 27 1 14 26 4 172 5
% = 55.0% 1.7% 7.0% 9.0% 0.3% 4.7% 8.7% 1.3% 57.3% 1.7%
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Appendix B.

External Monitoring Methods in Traditional Sports Environments.

Performance/ Accelerometers/ Training Load
Study Sport GPS Neuromuscular . Questionnaires Sleep
Pedometers Calculations
Tests
Abbott et al. (2018) Soccer X X
Abdullahi et al. (2019) Badminton X
Akiyama et al. (2019) Lacrosse X
Akubat et al. (2018) Soccer X X
Alder et al. (2019) Badminton
Altmann et al. (2021) Soccer
Anderson et al. (2021) Soccer X
Anguis et al. (2022) Football
Aoki et al. (2017) Basketball X
Askow et al. (2021) Soccer X X
Azcdrate et al. (2020) Soccer
Barnes et al. (2020) Rugby X
Beato et al. (2017) Futsal
Beato et al. (2021) Soccer
Bélka et al. (2017) Handball
Benjamin et al. (2021) Soccer X
Bigg et al. (2021) Hockey
Birdsey et al. (2019) Netball X X
Birdsey et al. (2022) Netball X X
Bjgrndal et al. (2021) Handball X
Blair et al. (2018) Rugby
Bozzini et al. (2021) Volleyball X
Brandes et al. (2021) Soccer
Branquinho et al. (2020) Soccer X
Branquinho et al. (2021) Soccer
Bredt et al. (2020) Basketball X
Brisola et al. (2020) Water X
polo
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Bruno et al. (2021)
Buchheit et al. (2021)
Bunn et al. (2021)
Campbell et al. (2018)
Campbell et al. (2021)
Campos-Vazquez et al.
(2021)
Castillo et al. (2017)
Castillo-Rodriguez et al.
(2020)
Cirer-Sastre et al. (2019)
Clemente et al. (2018)
Clemente et al. (2019)
Clemente et al. (2019)
Coelho et al. (2019)
Coker et al. (2021)
Colby et al. (2018)
Colosio et al. (2021)
Comyns et al. (2021)
Conlan et al. (2021)
Conte et al. (2021)
Conte et al. (2021)
Conte et al. (2021)
Coppalle et al. (2021)
Coppus et al. (2021)
Costa et al. (2019)
Costa et al. (2022)
Costa et al. (2019)
Costa et al. (2021)
Costa et al. (2022)
Coyne et al. (2021)
Crang et al. (2020)
Crouch et al. (2021)
Cruz et al. (2018)

Other
Soccer
Lacrosse
Rugby
Football

Soccer
Soccer
Soccer

Soccer
Soccer
Soccer
Soccer
Other
Soccer
Football
Soccer
Rugby
Rugby
Rugby
Basketball
Basketball
Soccer
Soccer
Soccer
Soccer
Soccer
Soccer
Soccer
Basketball
Rugby
Lacrosse
Basketball

X X X X

X X X X

X X X X
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Cullen et al. (2021)
Curtis et al. (2021)
da Silva et al. (2021)
Dalen et al. (2019)
Daniel et al. (2021)
de Dios-Alvarez et al.
(2021)
de Dios-Alvarez et al.
(2021)
Delecroix et al. (2019)
Dello lacono et al. (2017)

Dobbin et al. (2021)

Doeven et al. (2021)
Douchet et al. (2021)
Dubois et al. (2021)
Duthie et al. (2018)
Enes et al. (2021)
Enes et al. (2021)
Ferioli et al. (2018)
Ferioli et al. (2021)
Fernandes et al. (2021)
Fernandes et al. (2022)
Fernandez et al. (2021)
Fields et al. (2021)
Fields et al. (2021)
Figueiredo et al. (2019)
Flatt et al. (2018)
Flatt et al. (2019)
Fox et al. (2020)
Fox et al. (2020)
Fox et al. (2022)
Fox et al. (2018)
Gallo-Salazar et al. (2019)

Football
Soccer
Soccer
Soccer
Hockey

Soccer

Soccer

Football
Soccer
Touch
Rugby

Basketball
Soccer
Rugby
Soccer
Soccer
Soccer

Basketball

Basketball
Soccer
Soccer

Hockey
Soccer
Soccer

Football

Football
Rugby

Basketball

Basketball

Basketball

Basketball
Tennis

X X X X

X X X X
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Gamonales et al. (2021)
Gantois et al. (2022)
Garcia et al. (2022)

Garcia-Ceberino et al.
(2022)
Garcia-Santos et al. (2019)
Gentles et al. (2018)
Ghali et al. (2020)
Gielen et al. (2021)
Giménez et al. (2021)
Giménez et al. (2019)
Gongalves et al. (2020)
Gonzalez-Fimbres et al.
(2021)
Goodale et al. (2017)
Govus et al. (2021)
Graham et al. (2021)
Graham et al. (2021)
Griffin et al. (2021)

Grunbichler et al. (2021)
Gualtieri et al. (2020)

Guridi Lopategui et al.

(2021)
Halouani et al. (2019)

Hammami et al. (2018)
Harry et al. (2020)
Hauer et al. (2020)
Heinrich et al. (2020)
Horta et al. (2021)
Howle et al. (2020)
lacono et al. (2022)

lannaccone et al. (2022)
Ilhsan et al. (2017)
James et al. (2021)

Soccer
Soccer
Basketball

Soccer

Basketball
Soccer
Basketball
Volleyball
Soccer
Soccer
Hockey

Hockey

Rugby
Football
Football
Football

Rugby

Soccer

Soccer

Football

Soccer
Soccer
Hockey
Lacrosse
Other
Volleyball
Football
Football
Handball
Hockey
Squash

X
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James et al. (2021)
Jaspers et al. (2021)
Jaspers et al. (2018)
Jaspers et al. (2018)

Jin et al. (2022)
Jorge Santos et al. (2021)
Kamarauskas et al. (2021)
Khoramipour et al. (2021)

King et al. (2021)

Kniubaite et al. (2019)
Koklu et al. (2017)
Konarski et al. (2021)
Krueger et al. (2021)
Kunz et al. (2021)
Lacome et al. (2018)
Lacome et al. (2021)
Lastella et al. (2021)
Lathlean et al. (2021)
Ledo et al. (2022)
Leduc et al. (2019)
Lee et al. (2019)
Leicht et al. (2021)

Li et al. (2021)

Lima et al. (2022)
Lima et al. (2021)
Lima et al. (2020)

Lo et al. (2022)
Lorenzo Calvo et al. (2021)
Lovell et al. (2021)

Lu et al. (2021)
Lukonaitiené et al. (2021)
Lukonaitiené et al. (2020)
Lupo et al. (2021)
Lupo et al. (2021)

Squash
Soccer
Soccer
Soccer

Basketball

Soccer

Basketball
Basketball

Netball
Handball
Soccer
Hockey
Hockey
Soccer
Soccer
Soccer
Basketball
Football
Football
Rugby
Soccer
Basketball
Basketball
Volleyball
Volleyball
Volleyball
Rugby
Basketball
Soccer
Futsal
Basketball
Basketball
Rugby
Basketball

X X X X
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Luteberget et al. (2021)
Malone et al. (2018)
Malone et al. (2019)
Malone et al. (2019)
Malone et al. (2020)
Malone et al. (2018)
Malone et al. (2018)
Malone et al. (2017)
Malone et al. (2017)

Mancha-Triguero et al.

(2021)
Manuel et al. (2020)
Martin et al. (2021)

Martinez-Serrano et al.

(2021)

Marynowicz et al. (2020)

Mateus et al. (2021)
Maughan et al. (2021)
Maughan et al. (2021)
Maughan et al. (2022)
McCaskie et al. (2018)

McFadden et al. (2020)

McFadden et al. (2022)

McFadden et al. (2020)

McGuinness et al. (2019)

McGuinness et al. (2019)

McGuinness et al. (2020)

McGuinness et al. (2022)
MclLaren et al. (2021)
Mendes et al. (2018)
Mhenni et al. (2017)

Milanovic¢ et al. (2020)
Montgomery et al. (2021)
Montini et al. (2020)

Football
Soccer
Other
Other
Football
Soccer
Soccer
Football
Football

Basketball

Soccer
Soccer

Soccer

Soccer
Soccer
Football
Soccer
Soccer
Football
Soccer
Soccer
Soccer
Hockey
Hockey
Hockey
Hockey
Rugby
Volleyball
Handball
Football
Basketball
Soccer

xX X

X X X X

X X X X

X X X X X

X X X X X X X

X X X X X X X
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Mora et al. (2021) Soccer

Morandi et al. (2021) Soccer
Mullen et al. (2021) Rugby
Mullen et al. (2021) Rugby
Myers et al. (2020) Tennis
Nakamura et al. (2021) Futsal
Nakamura et al. (2021) Rugby
Nicolo et al. (2021) Soccer
Nobari et al. (2021) Soccer X X X
Nobari et al. (2021) Soccer X X X
Nobari et al. (2021) Soccer X X X
Nobari et al. (2022) Soccer X X X
Nobari et al. (2021) Soccer X X X
Noor et al. (2021) Football X
Nunes et al. (2020) Soccer X
O'Keeffe et al. (2020) Football X X
Oliva-Lozano et al. (2021a) Soccer X
Oliva-Lozano et al. (2021b) Futsal
Oliveira et al. (2019) Soccer X
Oliveira et al. (2020) Soccer X
Oliveira et al. (2019) Soccer X
Oliveira et al. (2021) Soccer X
Oliveira et al. (2021) Soccer X
Op De Beéck et al. (2019) Soccer X X X
Otaegi et al. (2020) Basketball
Ozaeta et al. (2022) Soccer X
Panduro et al. (2022) Football X
Papadakis et al. (2020) Soccer X
Paulsen et al. (2018) Soccer
Pereira et al. (2019) Soccer X X
Pereira et al. (2021) Soccer
Phibbs et al. (2018) Rugby X
Portes et al. (2021) Basketball

Poureghbali et al. (2021)  Basketball
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Poévoas et al. (2021)
Puente et al. (2017)
Pueo et al. (2021)
Querido et al. (2021)
Quintas et al. (2020)
Rabbani et al. (2019)
Rago et al. (2019)
Rago et al. (2020)
Rago et al. (2021)
Ramos-Campo et al.
(2021)
Raya-Gonzalez et al.
(2019)

Reina Roman et al. (2019)
Reinhardt et al. (2021)
Reinhardt et al. (2020)
Rentz et al. (2021)
Ribeiro et al. (2022)
Ritchie et al. (2017)
Robineau et al. (2019)
Roe et al. (2017)
Romero-Moraleda et al.
(2021)
Rossi et al. (2021)
Ruben et al. (2021)
Russell et al. (2021)
Saidi et al. (2022)
Saidi, et al. (2019)
Sanchez-Sdez et al. (2021)
Sanchez-Sanchez et al.
(2021)
Sanders et al. (2019)
Sansone et al. (2022)
Sansone et al. (2021)

Handball
Basketball
Handball
Football
Football
Soccer
Football
Football
Hockey

Basketball

Soccer

Basketball
Soccer
Soccer
Soccer
Futsal
Football
Rugby
Rugby

Soccer

Soccer
Basketball
Netball
Soccer
Soccer
Handball

Soccer

Other
Basketball
Basketball

X X X X X X

X X X X
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Sansone et al. (2021)
Sansone et al. (2020)
Scanlan et al. (2017)
Scanlan et al. (2021)
Scanlan et al. (2019)
Scott et al. (2018)
Sekiguchi et al. (2021)
Silva et al. (2018)
Simim et al. (2021)
Simpson et al. (2020a)
Simpson et al. (2020b)
Sobolewski et al. (2020)
Spencer et al. (2020)
Spencer et al. (2020)
Springham et al. (2021)
Stochi de Oliveira et al.
(2021)
Stojiljkovi¢ et al. (2020)
Suarez-Iglesias et al.
(2021)
Svilar et al. (2018)
Tai et al. (2022)
Taylor et al. (2018)
Teixeira et al. (2021)
Teixeira et al. (2021)
Thorpe et al. (2021)
Tometz et al. (2022)
Troester et al. (2022)
Truppa et al. (2021)
Uthoff et al. (2022)
Vahia et al. (2021)

Vickery et al. (2021)
Vigh-Larsen et al. (2021)

Basketball
Basketball
Basketball
Basketball
Basketball
Football
Soccer
Football
Soccer
Netball
Netball
Football
Netball
Netball
Football

Futsal
Handball
Basketball

Basketball
Badminton
Rugby
Futsal
Football
Soccer
Volleyball
Rugby
Football
Soccer
Soccer
Touch
Rugby
Hockey
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Vigh-Larsen et al. (2020) Hockey X

Weaving et al. (2021) Rugby

Weaving et al. (2020) Rugby

Weaving et al. (2017) Rugby

Weaving et al. (2021) Rugby

Weiss et al. (2021) Basketball X
Whitworth-Turner et al. Soccer y
(2019)
Wiig et al. (2020) Football

Willberg et al. (2022) Basketball X X X

Williams et al. (2021) Basketball

Williams et al. (2018) Rugby
Williamson et al. (2020) Swimming

Wood et al. (2022) Netball X

Wundersitz et al. (2021) Soccer X

Younesi et al. (2021) Soccer

Younesi et al. (2021) Soccer

Zurutuza et al. (2017) Football X X

Zurutuza et al. (2019) Football X X

= 96 52 44 26 68 54
% = 32.0% 17.3% 14.7% 8.7% 22.7% 18.0%
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