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Athlete load monitoring has been a focus of athletes, coaches, and researchers for many
years. Traditional external load measures focus on the time, and length or distance of exposure,
especially in endurance sports. Local positioning systems (LPS) allow for the quantification of
external load in indoor sports. Only recently, this technology has been used to measure the
workload of ice hockey players, which can provide new practical and thorough opportunities to
optimize health and performance. The first study of this thesis examined the reliability and validity
of the Kinexon LPS for measuring external load in ice hockey players during an on-ice practice.
The second study used LPS to quantify and compare the external load for both female and male
varsity ice hockey players during regular season games. The third study quantified player statistics
and novel LPS-derived external load metrics during a male varsity ice hockey game across three
periods of regulation time (60 min) and two additional periods of overtime (40 min) for positions
and all players.
This thesis provides novel LPS-derived descriptive information that quantified the external
load of varsity ice hockey players during games, and this is the first research to do so in females.
The main conclusions include, i) the majority of Kinexon LPS-derived measures of external load
were reliable, ii) speed and acceleration measures during 40 m linear sprints were valid when

compared to a previously validated robotic sprint device, iii) both female and male ice hockey
players had high external loads during games, with males having higher external loads than
females, iv) defence had greater external load at low intensities, but forward players had greater
external load at higher intensities, and v) males maintained their high external load across periods,
even during 5 periods of an extended championship game. Given the differences in external loads
between sexes, positions, and levels of play, an individual approach is likely best when monitoring
player load and performance. Future research should assess relationships between external and
internal load, and external load and player response (i.e., injury, performance, recovery, etc.) to
these loads, to optimize player health and performance.
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CHAPTER 1:
Review of Literature

1

1.1 Introduction
Investigating and measuring the training and competition load of athletes is a topic that has
continued to expand greatly over the past decade, with researchers attempting to measure and
interpret the mental and physical stressors that athletes endure throughout training and competition
cycles. With sport scientists continuing to update research, in addition to the continuing
development of new technology, the opportunity to maximize the health and performance of
athletes has never been greater. Amongst all of this potential, the cost of equipment and personnel,
avoiding excessive data collection and distractions for athletes, and determining applicable sportspecific measures are some of the challenges worth noting in a high performance environment.
Nevertheless, any athlete, coach, staff member, or organization ignoring the potential of this
information may miss an opportunity to improve athletic performance, as well as reduce the risk
for injury and illness. Understanding athlete load and their response to demands is essential to
providing accurate recommendations for strength and conditioning, nutrition, skills acquisition,
recovery, sleep, injuries and illnesses, and coaching.
Many ideas and practices surrounding athlete monitoring stem from environments wherein
data cannot be shared or published (i.e., professional environments), and/or they are based on
practical experience and anecdotal evidence. However, the body of scientific research surrounding
this area is constantly growing. Therefore, the objective of this literature review is to use scientific
research to i) discuss athlete monitoring by defining athlete load (both internal and external) and
introducing the idea of “load management” in athletes, ii) identify measures of external load with
and without using wearable technology [inertial measurement units (IMU), global positioning
systems (GPS) and local positioning systems (LPS)], and iii) examine the most current external
load measures used to quantify the game of ice hockey.
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1.2 Monitoring Athlete Load
1.2.1 Defining Athlete Load
Although there is no established universal definition for athlete load, one approach defines
athlete load as “any physiological work performed by an athlete during both competition and
training, and the subsequent impact/stress of this load on the athlete” (Halson 2014; Saw et al.
2016; Wing 2018). A consensus statement by team physicians suggested load be defined as “a
stimulus experienced and responded to by an individual prior to, during or after participation” with
an extension that “load creates a demand or stress (both physiological and psychological) and has
internal and external components” (Herring et al. 2019). These approaches do not necessarily
specify that intrinsic (i.e., age, sex, previous injury, strength) and extrinsic (i.e., sport rules,
equipment, environment) factors that may be important to consider when prescribing and
monitoring load in pre-disposed and susceptible athletes. Therefore, multifactorial models are now
preferred in injury prevention research (Meeuwisse 1994; Bahr and Krosshaug 2005; Meeuwisse
et al. 2007; Windt and Gabbett 2017).
The consensus statements (parts 1 and 2) by the International Olympic Committee have
outlined that in addition to workload alone, psychological non-sport stressors are important to
consider as well (Soligard et al. 2016; Schwellnus et al. 2016). This has been incorporated in their
definition of athlete load: “the sport and non-sport burden (single or multiple physiological,
psychological or mechanical stressors) as a stimulus that is applied to a human biological system
(including subcellular elements, a single cell, tissues, one or multiple organ systems, or the
individual)”.
While measuring or quantifying load receives a lot of attention, the response to the load is
the outcome of interest in most cases. If the result of a specific load results in fatigue or injury,
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there may be risk of overtraining or maladaptation. If there is an extended period of time where an
athlete has not reached their optimal fitness or performance expectations, the load or type of load
may not be enough. Increasing athlete load in a strategic manner to provide biological adaptation
to increase fitness and capacity and improve performance, without causing maladaptation is one
of the primary theories of training athletes (Brooks at al. 2004; Viru and Viru 2000). As a result,
there is a necessary focus on ensuring that an athlete’s sustained load continues to increase their
capacity through training without excessive loading and/or inadequate recovery that could
decrease performance or increase risk of injury or illness (Meeusen 2013; Soligard et al. 2016).

1.2.2 Internal vs External Load
Athlete load is commonly separated into internal and external load. Based on the consensus
statement developed from the “Monitoring Athlete Training Loads – The Hows and the Whys”,
2016 conference in Doha, Qatar, internal loads are defined as “the relative biological (both
physiological and psychological) stressors imposed on the athlete during training or competition”,
and external loads are defined as “objective measures of the work performed by the athlete during
training or competition, and are assessed independently of internal workloads” (Bourdon et al.
2017).
Some of the more common measures of internal load are heart rate (HR), rating of
perceived exertion (RPE), and wellness questionnaires, and for external load are time/length of
exposure, distance/mileage, and output from wearable devices (Table 1). However, the validity of
some of these measures has yet to be addressed. With factors like sport, sex, age, and season length
that may also affect athlete load, both internal and external measures of load should be measured
to provide a realistic overview of what the athlete is experiencing. One way to consider both
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measures is by using the internal/external load ratio, which can be used to assess training status by
the psychophysiological stress experienced by the athlete (i.e., HR, RPE, blood lactate) during the
known external load while training (Bourdon et al. 2017). By measuring the internal load along
with external load, changes in fitness and response to this load can be examined. Future research
should aim to consider both of these methods when possible.

Table 1. Summary of common methods used to measure internal and external athlete load and
response (adapted from ‘Monitoring Athlete Training Loads: Consensus Statement’ by Bourdon
et al. 2017).
Method

Cost

Ease of
Use

Validity

Reliability

Primary
Purpose of
Measurement

Variables/Units

Internal measures
(Sessional) Rating of
perceived exertion

Low

High

MediumHigh

MediumHigh

Athlete load

Arbitrary Units

Training impulse

LowMedium

Medium

MediumHigh

MediumHigh

Athlete load

Arbitrary Units

Wellness questionnaires

Low

MediumHigh

Medium

MediumHigh

Athlete response

Ratings/Scales,
Arbitrary Units

Psychological inventories

LowMedium

MediumHigh

MediumHigh

MediumHigh

Athlete response

Ratings/Scales,
Arbitrary Units

Heart rate indices

LowMedium

High

High

MediumHigh

Athlete load

Variability,
Recovery, Time
in zones

Oxygen uptake

High

Low

High

High

Athlete load

VO2/Metabolic
measurements

Blood lactate

Medium

Medium

High

High

Athlete load

Concentration

Biochemical/
hematological assessments

MediumHigh

Low

High

MediumHigh

Athlete load

Concentration,
Volume

Time

Low

High

High

High

Athlete load

Units of time

Training frequency

Low

High

High

High

Athlete load

Session count

Distance/ mileage

Low

High

High

High

Athlete load

Units of distance

Movement repetition
counts

Low

MediumHigh

High

MediumHigh

Athlete load

Activity counts

Athlete load

Resistance,
aerobic, or
anerobic methods
of training

External measures

Training mode

Low

High

High
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High

Power output

MediumHigh

LowMedium

High

High

Athlete load

Relative or
absolute Power

Speed

LowMedium

MediumHigh

High

High

Athlete load

Speed measures
(m/s, km/h)

Acceleration

LowMedium

Low

High

High

Athlete load

Acceleration
measures (m/s2)

Functional neuromuscular
tests

LowMedium

Medium

MediumHigh

High

Both

Countermovement
or drop jumps

Acute:chronic-workload
ratio

LowMedium

Medium

MediumHigh

MediumHigh

Athlete load

Training load
(acute relative to
chronic)

Medium

Athlete load

Location,
distance, velocity,
acceleration, time
in zones

Global positioning system
measures

Medium

Medium

MediumHigh

Metabolic power

Medium

LowMedium

LowMedium

Medium

Athlete load

Energy equivalent

Time-motion analysis
video (automated)

High

Low

MediumHigh

Medium

Athlete load

Velocity, location,
acceleration

Time-motion analysis
video (nonautomated)

MediumHigh

Low

MediumHigh

Medium

Athlete load

Velocity, location,
acceleration

Accelerometry

Medium

LowMedium

MediumHigh

Medium

Athlete load

x-y-z g force

Player load

Medium

Medium

Medium

Medium

Athlete load

Arbitrary Units

1.2.3 Athlete Monitoring
Athlete monitoring has historically taken place for coaches, trainers, and athletes in an
attempt to control how athletes prepare for competition. Without documenting information about
how athlete nutrition, training, sleep, and recovery affect outcomes such as performance and
overall health, it would be difficult to make changes to improve these outcomes (Foster et al. 2017).
Two of the main focuses of athlete monitoring and sport science are measuring training load and
the athlete’s response to the training load. For example, athletes are not subjected to the same
training all year round. One of the first forms of athlete monitoring was organizing their workload
and training goals based on phases and cycles strategically scheduled around competitions (Issurin
et al. 2010). Training periodization has been debated for over 50 years and has now been adapted
6

from traditional models into several models of short-, medium-, and long-term periodization, and
linear and non-linear/undulating periodization, as well as a combination of models that coaches
and athletes adapt for specific sports (Issurin et al. 2010; Harries et al. 2015). However, there are
many ways to measure training and competition load and athlete response to load, which will be
discussed following this section.
A review by Foster et al. (2017) outlined four primary goals that coaches need from sport
science. They include: i) a way to evaluate athlete potential, ii) a way to evaluate an athlete’s
current status, iii) a way to evaluate how an athlete is responding to a training program, and iv) a
way to measure progress, that is translatable to performance. In addition to goals of improving
aerobic and anaerobic capacity, musculoskeletal fitness, and skill development, avoiding greater
risk of injury and illness is also important. Injury surveillance has become one of the foundations
of athlete monitoring because understanding injury types, locations, severities, and mechanisms
are key to injury prevention in athletes. Several injury surveillance and prevention models have
been developed or adapted by researchers over the past decades (Van Mechelen et al. 1992;
Meeuwisse 1994; Bahr and Krosshaug 2005; Meeuwisse et al. 2007; Clarsen et al. 2014; O’Brien
at al. 2019). The majority of these models involve athlete monitoring as one of the first and last
(or on-going) steps so that the initial problem (risk of injuries or illnesses in this case) can be
determined and hopefully improved as a result of intervention. From a literature standpoint, a
primary focus of monitoring athlete load revolves around avoiding risk of injury and illness (Bahr
2009; Schwellnus et al. 2016; Soligard et al. 2016; Bourdon et al. 2017). Originally, researchers
suggested that athletes with higher training loads would be at greater risk of injury (Gabbet 2004;
Gabbett and Domrow 2007; Bourdon et al. 2017). However, more recent research has determined
that a consistently high training load may protect athletes from injury (Hulin et al. 2014, 2016a, b;
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Soligard et al. 2015; Gabbett 2016; Gabbett et al. 2016; Bourdon et al. 2017; Murray et al. 2017),
and it is rather the large increase in acute vs. chronic workload (chronic too low or acute too high)
that may be causing the increased risk of injury. For this reason, models have been developed to
devise an outline of how to correctly increase training load (both acutely and chronically) to
minimize any greater risk of injury.
In the 2018-2019 National Basketball Association season, the Toronto Raptor’s small
forward Kawhi Leonard and the team’s medical and training staff were responsible for widely
spreading the term “load management”. After an injury plagued season in 2017-2018 where he
played only 9 games due to injury, Leonard and the Raptor’s personnel worked throughout the
season to manage his workload so that he would remain in good health throughout the playoffs
(NBA 2020). By limiting Leonard’s training and competition workload throughout the regular
season (sat out 22 games), Leonard went on to play every game in the playoffs and was an integral
part of the team winning the Championship that year. In other words, the Raptors’ staff may have
been able to regulate the workload of the injury-prone Leonard enough throughout the season,
such that he could participate and perform in the most critical competition phase. This is just one
“high profile” example in professional sport and the exact scientific methodology behind their
method may not be shared publicly for many years. Nevertheless, research has reported that
athletes train and compete with pain or injury, which outlines the importance of using criteria that
collects information for injuries regardless of time-loss from sport (Fuller et al. 2006, 2007; Junge
et al. 2008; Timpka et al. 2014; Mountjoy et al. 2016; Gamble et al. 2020).
Bahr (2009) has outlined the notion that athletes train and compete injured and commonly
suffer from pain before time-loss from sport occurs and that athlete’s pain may very well result in
time-loss from sport without proper recovery or time for successful tissue adaptations to occur. By
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adapting a model from Leadbetter (1992) with a focus on overuse injuries, Bahr (2009) suggested
that there are many chances for intervention before a time loss injury occurs if proper surveillance
was taking place. The model focuses on athletes’ multiple failed adaptations as a response to
training that may result in a time-loss injury over a longer period if there is no intervention or
modification of athlete load. While it is important to note that this model was first based on
volleyball, it can be used or adapted for other sports or situations. If athlete complaints and injuries
can be detected before time-loss occurs and athlete load can be monitored or managed,
preventative strategies can be applied to minimize the burden of injury before athletes are forced
to miss time.
Furthermore, Windt and Gabbett (2017) applied the application of workload to the
Meeuwisse et al (2007) dynamic, recursive athletic injury etiology model to outline the potential
effect of exposure on positive training effects (fitness), negative training effects (fatigue), and risk
of injury. The model also considers the predisposition of athletes with pervious injuries, modifiable
factors (e.g., changes in fitness), and non-modifiable factors (e.g., age, gender, anatomy) as
internal risk factors and these might affect the application of workload on risk of fatigue or injury.
Injury surveillance constitutes a large portion of athlete monitoring research, potentially
because researchers know the outcome they are looking for, allowing focus on the exposure of
different loads in this case. This obviously has its own challenges (injury definitions, collection
methods, sample size, statistical analysis, and generalizability), but examining performance
measures in team sports may be even more difficult, especially when performance (more than just
time trials or in-game statistics) differs depending on game situations that are not controlled,
blinded, or randomized. Nevertheless, athletes and coaches are consistently looking for ways to
improve or maximize performance, and there are many cases where performance or team success
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may take priority over athletes remaining at optimal health, especially in competition seasons
where athletes only have so many chances to succeed and time in the offseason to recover is
limited.
Fox and colleagues (2018a) summarized the literature examining training load and
performance measures in team sports. Determining the most appropriate sport-specific
performance measures may be one of the greatest challenges, but the common goal remains
implementing the most accurate training strategies and load to promote desired performance
outcomes without causing increased risk of injury, illness, or maladaptation for the athletes. With
a focus on external training load, duration of training (exposure) was most commonly examined
in relation to performance outcomes such as game-related statistics, aerobic-anaerobic fitness
performance, and neuromuscular variables, but no concrete relationships between exposure and
performance were found (Fox et al. 2018a). Limitations surrounding this measure are obvious in
that true external workload is hardly addressed by duration of participation in sport. Methods
objectively quantifying intensity, duration, distance travelled, speeds, aerobic work, acceleration
load, and other metrics through GPS, accelerometry, and video analysis encompass more specific
exposure to workload.
Only a few studies in this review identified relationships with GPS variables and
performance measures (Taylor et al. 2017; Fitzpatrick et al. 2018; McCaskie et al. 2018).
Fitzpatrick et al. (2018) (junior and professional male soccer players) and Taylor et al. (2017)
(collegiate male rugby union players) reported several significant and non-significant correlations
between GPS measures (distance covered, athlete load, acceleration load, speed zones, and other
measures) and changes in aerobic performance. However, McCaskie et al. (2018) (professional
male Australian football) reported only correlations (almost all non-significant) between several
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GPS external training load metrics and performance measures surrounding Champion Data©
player rank. While strong attempts were made to objectively quantify variables, McCaskie et al.
(2018) only collected data for the preseason and the first half of the regular season, which would
have affected game-related statistics (Fox et al. 2018a).

1.3 Measuring External Load
1.3.1 Traditional Measures of External Load
Traditional measures of athlete load have involved exposure (frequency, duration, and
scheduling), retrospective questionnaires, diaries, direct observation, RPE, and physiological
monitoring (oxygen uptake, HR, and blood lactate concentration) (Taylor et al. 2012; Halson 2014;
Bourdon et al. 2017; Mujika 2017; Fox et al. 2018a). Recommendations suggest considering both
internal and external load measures so that all biological stresses, both physical and psychological,
that are a result of the training or competition, are measured and monitored. However, the
remainder of this literature review will concentrate on measuring external load in team sport
athletes, given that the focus of this thesis surrounds the external load of ice hockey players.
It is common for load and external load to be used interchangeably even though this is not
necessarily correct in most cases (Mujika 2017). Measures specific to external load, without the
use of wearable technology include: time, training frequency, distance/mileage, movement
repetition counts, training mode, functional neuromuscular tests, acute-chronic workload ratios,
and time-motion analysis video (Table 1) (Bourdon et al. 2017).
Measuring exposure to training or competition by duration, time, and frequency is one of
the easiest ways to estimate the volume of external load and is a main focus in endurance athletes
(Bourdon et al. 2017; Fox et al. 2018a). An exposure can be counted for each training and
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competition session, or this measure can include length of time as well (duration of event or
normalized for actual time actively participating in sport). This is commonly used in injury
surveillance research where injury incidence and prevalence are presented per athlete exposure or
per athlete exposure hour/minute for comparisons across different sports and situations.
Movement repetition counts, or frequency of activities, including steps, jumps, throws, and
other events, can also be counted for a measure of exposure. For example, jumping and landing
activities, and changes in direction are a concern in sports like basketball and volleyball, due to
the repetitive load placed on the lower extremities, which account for the majority of injuries
reported in these sports (Taylor et al. 2015; MacDonald et al. 2017). Based on this measure of
external load, researchers have reported that basketball requires more than 2 times the amount of
jumping and landing activities (35-46/game) compared to soccer and volleyball (McInnes et al.
1995; Matthew and Delextrat 2009; Sheppard et al. 2009; Nedelec et al. 2014; Taylor et al. 2015).
Similarly, pitch count has been monitored in baseball pitchers for decades in an attempt to reduce
injury risk from the overuse of overhand throwing (Feeley et al. 2018; Bakshi et al. 2020). Current
single-outing pitch count recommendations depend on the organization and athlete age (ranging
from 50 pitches thrown for players aged 7 years in Little League Baseball and USA baseball to
120 and 115 pitches in USA baseball and Baseball Canada for players >21 years, respectively;
Bakshi et al. 2020). At this point, research suggests that the use of pitch counts may reduce risk of
injury in younger players, but additional research is needed to make further conclusions for older
players in college and professional leagues.
Functional neuromuscular tests, such as countermovement jump, squat jump, and dropjump, are now commonly used to assess neuromuscular status of athletes as a measure of athlete
monitoring in many sports (Claudino et al. 2017). While these tests can be a measure of
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performance or external load, they can also be used as a measure of neuromuscular status and
response to load (i.e., fatigue, changes pre- and post-intervention, etc.) (Gathercole et al. 2015a, b;
Halson 2014; Heishman et al. 2018). For example, if an athlete’s baseline profile of a counter
movement jump (height, velocity, force, etc.) is known, and their countermovement jump is
measured regularly throughout a busy competition or training season, fatigue, risk of injury, and
strength and mobility improvements can be monitored. Research has examined this relationship in
soccer (Los Arcos et al. 2015; Malone et al. 2015), volleyball (Kavanaugh et al. 2017), rugby
(Gathercole et al. 2015c), basketball (Heishman et al. 2020), football (Clarke et al. 2015), and ice
hockey (Boland et al. 2019; Whitehead et al. 2019). The specific metrics used to determine
countermovement jump performance (peak vs. average height, velocity, force) are still debated,
but preliminary research suggests that average countermovement jump height appears to be more
sensitive to monitoring neuromuscular status regarding fatigue or supercompensation effects
compared to peak height (Claudino et al. 2017).
One of the most popular measures of athlete load is called the “Acute:Chronic Workload
Ratio” (ACWR), which involves a comparison between the short-term (~5-10 days) and long-term
(~4-6 weeks) training load, and can be applied to most measures of internal and external load
(Gabbett et al. 2016, b; Hulin et al. 2016a b). This concept has identified that risk of injury is
increased with “spikes” in acute workload compared to chronic workload (Hulin et al. 2014;
2016a, b; Bowen et al. 2017; Murray et al. 2017). Limitations of not accounting for effects of
fitness and fatigue changes, requiring at least 4 weeks of data to measure chronic workload, and
challenges of using this approach in preseason have led to this method being recently questioned
(Menaspà et al. 2017; Williams et al. 2017). However, a consistently high training load has been
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shown to be protective against injury based on this theory (Hulin et al. 2014; Gabbett 2016; Hulin
et al. 2016a, b; Soligard et al. 2016; Murray et al. 2017).
Prior to the use of wearable technology for track athletes, time-motion analysis through
video, timing gates, or manual stopwatches was used to examine an athlete’s external load
measures (i.e., speed, distance, acceleration, etc.) (Taylor et al. 2012; Halson 2014; Bourdon et al.
2017; Lignell et al. 2018). Timing gates and manual stop watches allow for calculation of timetrial, velocity, and acceleration performance, but are best used in a controlled setting due to
challenges in measuring high explosive movements and changes in direction (Nightingale and
Douglas 2018). There is also potential for inter-observer reliability and subjectivity issues when
analysing footage (Dobson and Keogh 2007). Video analysis of training and competition footage
may be useful for estimating distance, speed, and acceleration, in addition to measuring movement
repetition counts, play-by-play coaching analysis, and validation of new equipment (Jackson et al.
2016). However, using video analysis to quantify some of these measures is extremely timeconsuming, outlining the practicality of using wearable technology to measure in-depth external
load data (Dellaserra et al. 2014).

1.3.2 Measuring External Load Using Wearable Technology
Coaches, athletes, and team staff have taken advantage of evolving technology to assist in
player development, performance, and health. New technology has allowed athlete monitoring
methods such as HR indices, accelerometry, GPS, and integrated time-motion video analysis,
among others, to quantify athlete load (Bourdon et al. 2017). Compared to many subjective
measures, the main advantage of using wearable technology to calculate external load is the ability
to objectively quantify athlete workload in sports where athlete monitoring is challenging due to
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the nature of the competition (Cardinale and Varley 2017; Seshadri et al. 2019). The main
wearables capable of measuring external workloads include IMU, GPS, and LPS (indoor
positioning systems), which have been used to quantify sport-specific movements using wearable
microsensors in a variety of team sports (Chambers et al. 2015).

1.3.2.1 Inertial Measurement Units
IMU are devices that can be worn by athletes during training and competition to measure
athlete load resulting from accelerations, decelerations, angular rate, changes of direction, and
contacts with other athletes or the environment (Bartlett et al. 2017; Cardinale and Varley 2017).
Most IMU devices consist of accelerometers (measure specific force/acceleration), gyroscopes
(measure angular velocity), and magnetometers (provides orientation with respect to magnetic
north and south). Most accelerometers use the sum of changes in accelerations in three planes (x,
y, z axes) to determine athlete load (also known as PlayerLoad in some cases) in arbitrary units
(Boyd et al. 2011; Cardinale and Varley 2017).
The main advantages of IMU are cost, size, both limb and trunk applications (although
validity and reliability may be affected), and the potential to use devices both indoors and outdoors.
Given that the output is reported in arbitrary units, testing the reliability of these devices is possible,
but measuring the validity of devices is problematic, especially during sport-specific movements
(Boyd et al. 2011; Bourdon et al. 2017; Cardinale and Varley 2017). Nevertheless, accelerometry
used in combination with other measures may be a reasonable representation of athlete load, if
intra- and inter-device variability are taken into account. In fact, a recent meta-analysis suggested
that RPE and HR internal load measures have had consistently positive associations with external
loads measured from accelerometers in team sports (McLaren et al. 2018).
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IMU devices (such as accelerometers) have been used to quantify external load in several
team sports including soccer (Dalen et al. 2016; Gentles et al. 2018; Goncalves et al. 2020), rugby
(Gabbett et al. 2012; Twist et al. 2017), basketball (Scanlan et al. 2014; Fox et al. 2018b; Reina
Román et al. 2019; Salazar et al. 2020), field hockey (Polglaze et al. 2015), and ice hockey
(Buckeridge et al. 2015; Van Iterson et al. 2017; Douglas et al. 2019a, b; Madden et al. 2019;
Pilotti-Riley et al. 2019; Stetter et al. 2019; Allard et al. 2020; Douglas and Kennedy 2020;
Douglas et al. 2020, Vigh-Larsen et al. 2020). These studies encompass measuring external load
for various durations (ranging from one session to three full seasons) of data collection to examine
validity, reliability, performance, training vs. competition load, internal vs. external loads, match
outcomes, and skill levels, among other relationships with responses such as fatigue and injury.

1.3.2.2. Global and Local Positioning Systems
Using GPS to determine external load provides several measures that IMU do not,
including location on the playing field, distance, velocity, acceleration (m/s2), and deceleration
(Bourdon et al. 2017; Cardinale and Varley 2017). Most GPS sensors still include accelerometers,
gyroscopes, and magnetometers, but also have location-tracking capabilities to provide an
abundance of data. GPS can measure distance from changes in position, velocity using i) distance
and time, or ii) more commonly via the Doppler-shift method (velocity of a moving receiver based
on carrier frequencies, which provides greater accuracy) and iii) acceleration and deceleration
using changes in velocity (Townsend et al. 2008). Determining the validity and reliability of these
devices is often difficult because there is no one “gold standard” test without its own limitations.
However, several reviews have summarized research surrounding the validity and reliability of
GPS systems in team sports (Scott et al. 2016; Bourdon et al. 2017; Cardinale and Varley 2017;
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Crang et al. 2021). The main conclusions suggest that the majority of GPS units are capable of
intra-unit reliability but were not comparable across different devices, and devices using 10 Hz
sampling frequencies were the most valid and reliable across team sport running. Likewise, other
studies suggested that using GPS technology with higher sampling frequencies (10+ Hz) improved
validity of measuring distance and velocity, but accuracy was lower with fast changes in velocity
compared to measuring consistent velocities (Varley et al. 2012; Akenhead et al. 2014; Rampinini
et al. 2015). Research using GPS to measure external load has only been conducted in field sports,
as data collection is only possible outdoors and when unobstructed to ensure that GPS sensors have
a strong connection to satellites (Scott et al. 2016; Bourdon et al. 2017; Cardinale and Varley
2017).
GPS technology has only been used to characterize outdoor sports, with most of this
research conducted in rugby (Gabbett and Jenkins 2011; Gabbett et al. 2012; Hulin et al 2015;
2016b), soccer (Bradley et al. 2010; Murray et al. 2017), and cricket (Hulin et al. 2014; McNamara
et al. 2015). However, more recently developed technology uses LPS that can be used indoors to
measure external load in team sports played in an arena. Most LPS systems involve several anchors
that are mounted around the playing surface to create a field of view where players can be tracked.
Individual tags or sensors are worn by each athlete (usually secured to the athlete’s clothing or
equipment) so that communication between anchors and sensors is continuous during training and
competition. Based on this technology and the communication between devices, information is
transmitted from each sensor to the anchors and uploaded to the system’s server and platform in
real-time (Figure 1).
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KINEXON - Installation & Customer Network Requirements
The following content overlays our network configuration and describes what needs to be fulfilled
such that KINEXON has remote access for Software Updates/Support.

Potential Anchor Layout:

Network
Figure
1. Infrastructure:
Representation of an ultra-wideband local positioning system and the location of the 16
anchors used to create an indoor field of play for an ice hockey arena. This specific example was
provided for the University of Guelph Gold Rink (Ontario, Canada) by Kinexon (Munich,
Germany).

These systems use radio frequency identification, wireless local area networks,
Bluetooth®, optical methods such as computer vision and ultra-wide band (UWB) technologies to
collect data similar to GPS (Alarifi et al. 2016; Serpiello et al 2017). Signal interference has been
a limitation in the past, but newer technology has improved data collection frequency in an attempt
to correct or improve internal validity. UWB allows for greater frequency and faster
communication between anchors and sensors without interrupting narrowband applications (i.e.,
Bluetooth®, wireless internet) (Pino-Ortega & Rico-González 2020). In fact, research using LPS
in soccer (Bastida-Castillo et al. 2018; 2019b), handball (Luteberget et al. 2018), and tactical
exercise on a basketball court (Bastida-Castillo et al. 2019a) has reported that LPS is valid.
Bastida-Castillo et al. (2018) reported that UWB-based technology (20 Hz sampling frequency)
had greater accuracy, test–retest reliability, and inter-unit reliability in determining distance
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covered and mean velocity compared to GPS-based technology (10 Hz) when using timing-gates
and measured distances as the “gold standard”. Similarly, UWB technology (20 Hz) had greater x
and y coordinate position accuracy than GPS (10 Hz) in soccer players participating in tactical
drills (Bastida-Castillo et al. 2019b).
When using an UWB tracking system (LPS) and the reference lines (perimeter, halfway
line, centre circle, etc.) on the playing surface as a comparison to examine indoor tactical exercises
and position on a basketball court, it was concluded that: i) the accuracy of the system included
mean absolute error of all estimations of 5.2 ± 3.1 and 5.8 ± 2.3 cm for the x- and y-coordinate
position, and ii) the inter-unit reliability had an intra-class correlation coefficient value of 0.65 and
0.85 for the x-and y-coordinate, respectively (Bastida-Castillo et al. 2019a). Luteberget et al.
(2019) compared a newer LPS (Catapult ClearSky T6, Catapult Sports, Australia) with an infrared camera system (Qualisys Oqus, Qualisys AB, Sweden) and reported that the mean differences
for all positional estimates were 0.21 ± 0.13 m (n = 30,166) and 1.79 ± 7.61 m (n = 22,799) in the
optimal and sub-optimal setups, respectively. While the difference was <2% in all tasks for the
optimal condition, there were large discrepancies (optimal set up: >34%, sub-optimal setup: >74%)
in instantaneous speed as speeds increased. Only recently, LPS has also been used to quantify
external load in ice hockey (Douglas and Kennedy 2020; Vigh-Larsen et al. 2020), but there is
very little research validating or comparing LPS in ice hockey at this time.

1.4 Quantifying External Load in Ice Hockey Players Using Wearable Technology
Until recently, athlete monitoring in indoor sports had been limited to solutions that did not
require a satellite signal. For this reason, indoor sports have primarily been using accelerometery
devices to measure external load, while field and outdoor sports have had opportunities to use GPS
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tracking to measure external load. However, several recent studies have now used wearable
technology to measure external load in ice hockey players for various outcomes of interest. Twelve
studies measuring external load in ice hockey players through wearable technology were identified
in the literature. Ten of these studies were published in the past two years and all 12 studies were
published in the past 5 years (Table 2). Criteria for selection included all research that measured
external load in ice hockey players regardless of exposure or outcome measures, specifically
measured through wearable technology.

Table 2. Descriptive study information for literature using wearable technology to measure
external load in ice hockey players.
Study
Buckeridge
et al. 2015

Level of
Play
Youth

Subjects
18 males
(25.7 ±
3.7 yrs)

Duration
Single
session

Wearable Technology
(Model/Manufacturer)

External Load
Measures

Additional
Measures

Accelerometer (ADXL
78, Analog Devices,
USA)

Forward
skating
performance

Reliability

Surface
Electromyography
(Biovision, Wehrheim,
Germany)

Muscle activity

Novel Pedar-X pressure
measurement system
(Novel Electronics,
Minnesota, USA)

Main Results
Reliability demonstrated
moderate (r>0.65) to
excellent (r>0.95) scores
Plantar-flexor muscle activity
and hip extension were
greater during acceleration
(p<0.5)

Plantar force
Joint
Kinematics

Knee extensor activity and
hip abduction range of motion
were greater at steady state
skating (p<0.5)

Uniaxial and biaxial
electrogoniometers
(SG150 Twin Axis,
Biometrics Ltd,
Newport, UK)

Greater hip range of motion
and forefoot force application
was detected in higher caliber
players (p<0.05)

Timing light gates
(Brower Timing
Systems, Draper, UT,
USA)
Van
Iterson et
al. 2017

Collegiate

9 males
(21 ± 1
yrs)

Single
session

Catapult S5 unit
(Catapult Sports,
Melbourne, Australia)
Timing system (TC
Speed Trap-II wireless
timing system, Gill
Athletics, Champaign,
IL)
High-definition video
(Sony HDR-PJ440,
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PlayerLoad
measures of
nine ice hockey
tasks (forward/
backward
skating,
shooting,
bench sitting,
etc.)

Reliability

Test-retest coefficient of
variations and intraclass
correlation coefficients
ranged from 2.2 (top speed)
to 26.6% (repeated shift test)
and 0.54 (forward
acceleration) to 0.98 (costing
and bench sitting),
respectively
No raw differences between
bouts (p<0.05)

Sony Inc., Tokyo,
Japan)

Between-bout raw differences
were lower vs. minimum
difference
Moderate-to-large test-retest
reliability

Douglas et
al. 2019a

National

20
females
(24.8 ±
3.5 yrs)

One
season

Catapult S5 unit
(Catapult Sports,
Melbourne, Australia)

PlayerLoad

Match
outcome

Skating Load
Explosive
Efforts

Skating load (p = 0.01),
explosive efforts (p = 0.04),
and explosive ratio (p =
0.002) were moderately
different in forwards across 3
periods

Explosive
Ratio
Percentage
High Force
Strides

Douglas et
al. 2019b

National

25
females (9
defence:
25.0 ± 3.8
yrs, 16
forwards:
24.7 ± 3.4
yrs)

One
season

Catapult S5 unit
(Catapult Sports,
Melbourne, Australia)

PlayerLoad
Skating load

PlayerLoad (p = 0.01),
explosive efforts (p = 0.04),
and explosive ratio (p = 0.01)
were moderately different in
defense across 3 periods
Heat rate/
training
impulse

Explosive
efforts

Percentage of
high force
strides
Youth

6 males
(Under 19
yrs)

Single
session

Optical positioning
system (Iceberg Hockey
Analytics Corp.,
Toronto, Canada)

Sprint time
(linear sprint,
shuttle sprint,
shuttle turn,
shuttle total)

Radio-based LPS [1)
Kinexon GmbH,
Munich, Germany; 2)
Inmotiotec GmbH,
Regau, Austria]

Validation
of two 40 m
linear
sprints and
a shuttle
run

Varsity

15 males
22.1 ± 0.4
yrs

Two
training
sessions

Accelerometer
(Shimmer3 GSR+ ±16
g; Shimmer Inc, Dublin,
Ireland)
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Validation measures suggest
that positioning systems may
be an alternative to timing
gates
Sprint times were more
accurate for long distance vs.
short distance sprints (LPS)
Radio-based systems had
higher accuracy compared to
the optical system

Single-beam timing
gates (Brower Timing
Systems, IRD-T175)
Madden et
al. 2019

PlayerLoad,
PlayerLoad·minute−1,
explosive efforts, and training
impulse (p<0.001) differed
between positions in training
and competition
Competition had greater load
and intensity across both
positions for PlayerLoad,
PlayerLoad·minute−1,
training impulse, and
explosive efforts (p<0.02)

Explosive ratio

Link et al.
2019

Explosive ratio (p = 0.02) and
percentage of high force
strides (p = 0.04) were
slightly greater in wins for
forwards

Peak head
accelerations
Trunk contacts

Performanc
e measures
(forward
and
backward
sprints,
reaction,
weave
agility,
transition
agility)

Performance, error rate and
rate of perceived exertion
times did not differ with
caffeine supplementation
Post-practice rate of
perceived exertion was
greater with caffeine
supplementation
Peak head accelerations were
greater with caffeine
supplementation

PilottiRiley et al.
2019

National

23 males
(17.5 ±
0.2 yrs)

One
season

Accelerometer (Zephyr
BH3 (Medtronic, MD)

Player incurred
impacts

Game video
validation

358 of 419 impacts were
confirmed player incurred
impacts (one false positive)
17 impacts were board
contact/no check, 74 were
board contact/check, 202
were open ice check, and 65
were layer fall
The magnitude of impacts
was different between
categories

Stetter et
al. 2019

Recreational

22 males
(32.1 ±
7.7 yrs)

Single
session

Accelerometer (combination of ADXL78 and
ADXL278, Analog
Devices, Inc., Norwood,
MA, USA)
Timing light gates
(Brower Timing
Systems, Draper, UT,
USA)

30 m Sprint
performance
(time)

N/A

Skating
biomechanics
(contact time,
stride time,
stride
propulsion)

High caliber players had
greater stride propulsion
(+22%, p<0.05) and shorter
contact time (−5%, p<0.05)
Biomechanical differences
occurred between the
accelerative and constant
velocity phases (p<0.05)
Stride propulsion of
acceleration strides and total
sprint time (r =−0.57, p<0.05)
were correlated

Allard et al.
2020

Professional

50 males
(23.9 6
3.7 yrs)

One
season

Catapult ClearSky T6
unit (no LPS used)
(Catapult Sports,
Melbourne, Australia)

Absolute and
relative on-ice
load

N/A

Exposure time

While on-ice load during
games was similar between
position, defence had lower
intensity during games than
forwards
The first period had a higher
relative on-ice load (+5.28%)
The third period had a lower
relative intensity (22.91%)
Higher relative intensity was
found in practices for defence
vs. wingers and centers
(+8.34%)
The weekly external training
load remained relatively
constant throughout the
season

Douglas
and
Kennedy
2020

National

20 males
(7
defence:
19.3 ± 0.5
yrs, 13
forwards:
19.3 ± 0.7
yrs)

Five
games

Catapult ClearSky T6
unit with Ultrawideband LPS (Catapult
Sports, Melbourne,
Australia)

Skating speed
Total skating
distance
Skating
distance in
speed intervals

Comparison
s between,
games,
periods,
shift, and
positions

Forwards performed more
high-intensity skating than
defence
Special teams required
specific demands for forwards
and defence
Intensity of skating was
reduced in the third period for
both defence and forwards

Douglas et
al. 2020

National,
Collegiate

45
females
(national
–9
defence:
25.0 ± 3.8

Threeweek
training
camp

Catapult S5 unit
(Catapult Sports,
Melbourne, Australia)

22

PlayerLoad
Skating load

Comparison
s between
nationaland
collegiatelevel during

PlayerLoad, skating load, and
explosive efforts differed
between national- and
collegiate-level players (both

yrs, 15
forwards:
23.4 ± 3.2
yrs,
collegiate
-8
defence:
20.3 ± 1.1
yrs, 13
forwards:
20.5 ± 1.1
yrs)
VighLarsen et
al. 2020

National

30 males
(19.3 ±
0.7 yrs)

Explosive
efforts

training and
competition

defence and forwards) during
training and competition
National-level players
appeared to have higher
intensity-based measures of
external loads than collegiatelevel players during training
and competition

Single
session

Accelerometer (Polar
Team Pro, Polar,
Kempele, Finland)
Catapult ClearSky T6
unit with Ultrawideband LPS (Catapult
Sports, Melbourne,
Australia)

Repeated sprint
ability (time)

Muscle
biopsies

Total skating
distance

Venous
blood
samples

Players travelled an average
of ~6 km (~50% at speeds
>17 km/hr)
Repeated sprint ability was
lower post-game vs. pre-game

Skating speed
Heart rate
Skating
distance in
speed intervals

Number of accelerations
decreased by ~10% in the 2nd
and 3rd periods vs. the first
period

Explosive
efforts
Accelerations/
deceleration
(number and
intensity)

Four of the twelve studies reported one of their main objectives as testing the reliability
and/or validity of specific wearable devices compared to other measures such as timing gates,
optical positioning systems, and time-motion video analysis (Buckeridge et al. 2015; Van Iterson
et al. 2017; Link et al. 2019; Pilotti-Riley et al. 2019). Three studies reported external load as a
measure secondary to their primary objective (Van Iterson et al. 2017; Link et al 2019; Madden et
al. 2019) and two studies quantified external load as their only objective (Allard et al. 2020;
Douglas and Kennedy 2020). Lastly, 5 studies examined external load as an exposure to an
outcome as one of their primary objectives, including skating biomechanics (Buckeridge et al.
2015; Stetter et al 2019), match outcome (Douglas et al. 2019a), internal load measures (Douglas
et al. 2019b; Vigh-Larsen et al. 2020), level of play (Douglas et al. 2020), and metabolic measures
(Vigh-Larsen et al. 2020) (Table 2).
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Ten studies used devices equipped with accelerometry (measurements in x, y, and z axes),
specifically to measure external load. In addition to an accelerometer, the majority of these IMU
devices [i.e., Catapult S5 unit (Catapult Sports, Melbourne, Australia)] were also equipped with a
Sports 2019, 7, 173
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gyroscope and a magnetometer to measure angular velocity and provide orientation with respect

s 2019, 7,was
173

PlayerLoad
is the summation
of accelerations
across
all movements,
divided
by 100
This
to magnetic
north and south,
respectively.
Most
accelerometry
devices
use[27].
algorithms
to calculate
4 of 11
expressed as total load (arbitrary units (au)). It is calculated as:

an estimation of PlayerLoad
metrics (Douglas et al. 2019a; b). For example, Catapult Sports
s
2

2

2

(a y1across
a y 1all
) +
(ax ax 1 ) divided
+ (az aby
) [27]. This
z 1100
PlayerLoad is the summation of accelerations
movements,
PlayerLoad
= by summing the accelerations across all movements, (1)
calculates
PlayerLoad
divided by 100
100
expressed as total load (arbitrary units (au)). It is calculated as:

s acceleration; a = Mediolateral acceleration; a = Vertical acceleration.
where: ay = Anteriorposterior
x
z
2
2
(a y1 aof
+ (axaccelerations
ax 1 )2 + (arecorded
z az 1 ) during the skating stride. Skating
y all
1 ) peak
Skating load is the summation
PlayerLoad =
(1)
load is derived from a proprietary algorithm to100
identify the hockey stride
based o↵load
the accelerometer
, skating
by summing all peak
tracing, gyroscope, and magnetometer sensors. The corresponding resultant acceleration peaks are
re: ay = Anteriorposterior acceleration; ax = Mediolateral acceleration; az = Vertical acceleration.
calculated accelerations
and multipliedin
by the
athlete’s
mass.
This
was expressed
as
total loadacceleration
(arbitrary units (au)).
skating
stride
and
multiplying
resultant
Skating load is the
summation of alla peak
accelerations
recorded
during the
the skating
stride. Skating peaks by the athlete’s
It is calculated as:
d is derived from a proprietary algorithm to identify the hockey stride based o↵ the accelerometer
0r
1
ing, gyroscope, and magnetometer sensors.BB The
resultant
acceleration
peaks are
⇣ corresponding
⌘2
CC
2
2
B
(ax ) + (aas
Skating
Load
= BB@Thisawas
⇥ Player
MassCCCA/100
(2)
y +
z ) total
ulated and multiplied by the
athlete’s
mass.
expressed
load (arbitrary
units (au)).
, explosive efforts by the
calculated as: mass
0 r frequenc y of how many explosive
1
Explosive e↵orts is the
movements were performed.
BB ⇣ ⌘2
CC
2 accelerations
2
B
C
frequency
of
rapid
accelerations/decelerations,
explosive
by the number
of explosive efforts
High-intensity
movements
included:
Rapid
and
decelerations,
Skating Load = B@B
a y + (ax ) + (az ) ⇥ Player MassCAC/100 ratiohigh-intensity
(2) skating,
rapid changes of direction (skating-based or body contact), and high-intensity shots made by the player.
This countdivided
was derived
from Inertialand
Movement
Analysis
Once
the sum
of the
by PlayerLoad,
percentage
high(IMA)
forcedata.
strides
by identified,
the frequency
of ice
hockey strides in
Explosive e↵orts is the frequenc y of how many explosive movements
were performed.
1
X, Y area was calculated and expressed as the event magnitude (m·s ) [28]. Any identified movement
h-intensity
movements
Rapid
decelerations,
high-intensity
skating,
that occurred
aincluded:
rate
greater
than accelerations
2(Douglas
m·s 1 in any
direction
was
an explosive
e↵ort [23].
the at
high
force
category
etand
al.
2019a;
b).considered
d changes ofExplosive
direction ratio
(skating-based
or
body
contact),
and
high-intensity
shots
made
by
the
player.
is a ratio calculated by taking the total number of explosive e↵orts
and dividing it
count by
was
derived from
Inertial
Movement
Analysisto(IMA)
data. Once
identified,
the sum of the
PlayerLoad.
This
provides
information
the studies
athletes’
ability
to produce
movements
Only
three ice as
hockey
have
used
LPS toexplosive
date. Link
et al. (2019) compared
1
area was
calculated
expressed
as the eventthroughout
magnitudethe
(m·s
) [28].
identified movement
based
o↵ theirand
total
load accumulation
course
of aAny
match.
1
occurred atPercentage
a rate greater
2 m·s
any direction
was considered
anice
explosive
e↵ort [23].
highthan
force
stridesincaptures
all the
hockey
strides
occurred in
an optical
positioning
system the
andpercentage
two LPSof(Kinexon,
Germany
andthat
Inmotiotec
GmbH, Austria)
Explosive
ratio
is
a
ratio
calculated
by
taking
the
total
number
of
explosive
e↵orts
and
dividing
it
the high force band. For female ice hockey players, strides that exceed 140 au skating load are coded as
PlayerLoad.
This provides
information
as torecommendations
the athletes’ ability
to produce
explosive movements
high force
strides
based
o↵ banding
from
the
manufacturer.
to
timing
gates
during on-ice
sprints. Douglas
and
Kennedy (2020) were the first to quantify ined o↵ their total load accumulation throughout the course of a match.
2.5. Statistical
Analysis
Percentage
high force
strides captures the percentage of all the ice hockey strides that occurred in
game skating distances and speed using an LPS. Vigh-Larsen et al. (2020) used both an
high force band. For female ice hockey players, strides that exceed 140 au skating load are coded as
For each variable listed above, a two-factor mixed e↵ects ANOVA was performed to investigate
h force strides based o↵ banding recommendations from the manufacturer.
the di↵erence
in matches that
and lost,
as well
the di↵erence
in variables
the acceleration,
accelerometer
and were
LPS won
to collect
preand as
postgame sprint
data andacross
in-game
three
periods
of
play.
A
normal
distribution
of
data
was
examined
using
the
Shapiro-Wilk’s
test
and
Statistical Analysis
homogeneity
of variance
was confirmed
Levene’s
test, whichasupported
use of parametric
distance,
and speed
data, in with
addition
to collecting
wealth ofthe
physiological
data through other
For each
variable
listed above,
mixedine↵ects
was
performed
investigate
methods
of analysis.
Dueatotwo-factor
the di↵erences
matchANOVA
demands,
forwards
andto
defensive
players were
di↵erence
in matches
that were won and lost, as well as the di↵erence in variables across the
analyzed
separately.
measures.All data were processed in RStudio (version 1.0.153, R Core Team, Vienna, Austria).
e periods
of
play.
A
normal
distribution
of data
wasasexamined
using the
Shapiro-Wilk’s
test e↵ect
and size (ES)
Di↵erences between match
outcome
as well
between periods
were
analyzed using
mogeneity
of variance
was consistency
confirmed with
Levene’s
which
supported theacross
use ofall
parametric
statistics.
To ensure
in reporting
of test,
results
and comparability
analyses, the partial
hods ofeta-squared
analysis. Due
to
the
di↵erences
in
match
demands,
forwards
and
defensive
players
were
statistics from ANOVA were also converted to ES [29]. E↵ect sizes were
categorized
yzed separately.
All
data
were
processed
in
RStudio
(version
1.0.153,
R
Core
Team,
Vienna,
Austria).
using the following descriptors: <0.2—trivial, 0.2–0.6—small, >0.6–1.2—moderate, >1.2–2.0—large,
erences>2.0—very
between match
outcome
as between
periods
e↵ect size
large [30].
Dataas
arewell
presented
as mean
± SDwere
and analyzed
statistical using
significance
was(ES)
set at p  0.05.
stics. To ensure consistency in reporting of results and comparability across all analyses, the partial
3. statistics
Results from ANOVA were also converted to ES [29]. E↵ect
squared
24 sizes were categorized
ng the following descriptors: <0.2—trivial, 0.2–0.6—small, >0.6–1.2—moderate, >1.2–2.0—large,
3.1. Descriptive Summary of On-Ice Metrics and Two-Way ANOVA Results
—very large [30]. Data are presented as mean ± SD and statistical significance was set at p  0.05.

Several studies quantified external load measures through wearable technology as an
exposure for potential outcomes and reported novel information (Table 2). For example,
investigation of external load and its relation to skating performance in different skill levels of
players reported that higher caliber male players had greater hip range of motion and forefoot force
application (Buckeridge et al. 2015), in addition to greater stride propulsion and shorter contact
time (Stetter et al. 2019). National level female players were reported to have higher intensitybased measures of external loads compared to collegiate players (Douglas et al. 2020). However,
there is no research comparing male and female players at this time. Explosive ratio and percentage
of high force strides appeared to be greater in female forward players in match wins, but many
external load measures were similar regardless of match outcome (Douglas et al. 2019a). External
and internal load measures appeared to follow similar trends during games and practices, but more
research is needed for decisive conclusions (Douglas et al. 2019b). Lastly, there appears to be
many differences in external load measured by wearable technology between periods and positions
during ice hockey games (Allard et al. 2020; Douglas and Kennedy 2020; Vigh-Larsen et al. 2020)
(Table 2).
Recent research has quantified the external load of games using specific LPS information
including distance covered, speeds, accelerations, and other measures. Vigh-Larsen et al. (2020)
reported that mean total distance covered in a single simulated game of ice hockey was almost 6.0
km, with >40% of these distances covered by high-intensity skating (>17 km/hr). However, given
that there were many other measures associated with the objectives of this study (muscle glycogen,
venous blood samples, heart rate, acceleration), average and peak speeds were not reported.
Douglas and Kennedy (2020) further examined the external load of 5 international ice hockey
games during world competition and reported mean skating distances of ~4.0 km for defence and
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~3.7 km for forwards, with more than 50 and 65% of distances being travelled at higher speeds
(>17 km/hr) for forwards and defence, respectively. Skating distance was affected by game
situation (5v5, 5v4, 4v5) for defence but was not significantly different for forwards. These two
studies have provided preliminary information of distance and speed for elite male ice hockey
players and have outlined the potential of quantifying the game of ice hockey to use scientific
evidence in providing information for coaches and team staff that aim to optimize training and
performance during competition. While this is novel research, it is important to note that both
studies involved elite male players and there is no current research comparing males and females,
different levels of competition levels, games and practices, or examining longitudinal external load
with respect to LPS measures.

1.5 Conclusions
Athlete monitoring and measuring athlete load has become a very popular topic for
athletes, coaches, team staff, and researchers over the past decade. For years, many methods of
measuring athlete load were based on anecdotal evidence without scientific support (Halson et al.
2014; Bourdon et al. 2017). Advancements in technology have allowed for better quantification of
external load, while the importance of measuring internal load subjectively has become more
understood. Wearable technology now allows for external load to be measured in a non-invasive
manner so that both training and competition workloads can be measured in sports where it has
been challenging in the past (Bourdon et al. 2017; Cardinale et al. 2017). However, there is still
no single measure that can be used to determine external load, as more studies are needed to
examine the validity and reliability of new and existing technology specific to ice hockey and other
indoor sports.
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Due to limited literature at this time, future research should aim to examine the validity
and reliability of wearable technology, make comparisons between men and women, determine
the most useful measures and feedback for athletes and coaches, and compare measures to address
generalizability for circumstances where cost or equipment setup is not feasible. Overall, it is
recommended that a comprehensive approach is taken to optimize the understanding of what
athletes are being subjected to, both physically and psychologically, especially given the potential
stressors outside of sport.
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CHAPTER 2:
Aims of Thesis
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2.1 Aims and Objectives
The purpose of this thesis was to quantify the external load of female and male varsity ice
hockey players during games using an LPS. This thesis first examined the reliability and validity
of the LPS during various on-ice tests during a practice. Reliability was examined by comparing
data from two sensors worn by the same player during the ice time. The validity was examined by
comparing speed and acceleration measures between the LPS and previously validated sprint
technology. Once determined acceptable, in-game external load data of games were examined.
Some of the primary LPS metrics considered were skating distance, speed, acceleration,
deceleration, and the number of specific events (i.e., accelerations, decelerations, turns, direction
changes, and skating transitions) that occurred on the ice. This thesis used these measures to
quantify the external load of female and male varsity players during regular season games (11
female games, 13 male games) to compare the workload between sexes and positions. Lastly, this
thesis investigated the external load of a men’s varsity ice hockey (overtime) championship game
using LPS metrics that were separated by period and position for comparison and change in
workloads during the extended game. This research was the first to use an LPS to quantify external
load in this population. Furthermore, this was the first research to examine the external load of
female ice hockey players using LPS.

2.1.1 Study 1
Until recently, measuring external load by tracking the location of athletes on the playing
surface during training and competition was only possible outdoors with GPS and indoors with
video tracking. LPS now allows for the setup of local networks that communicate the location of
athletes wearing sensors to devices that have mapped out the playing surface in indoor sports.

29

However, the reliability and validity of the data being collected by each specific LPS should first
be measured. Therefore, the purposes of this study were to i) determine the reliability of the
Kinexon LPS by collecting simultaneous on-ice measures with two identical LPS sensors worn by
each individual during a 70-min on-ice practice, and ii) compare on-ice speed and acceleration
measures between the LPS and a previously validated robotic sprint device during on-ice 40 m
linear sprints.

2.1.2 Study 2
With wearable technology-derived athlete load research being relatively new in ice hockey,
more studies are needed to determine and compare the external load for specific populations and
positions to ensure an individualized approach is taken when providing health and performance
information to players, coaches, and medical staff. Most of the research examining the external
load of female ice hockey players using wearable technology has used accelerometry, and studies
using LPS have only collected data in males. Therefore, the purposes of this study were to i)
quantify the external load for both men’s and women’s varsity ice hockey players during regular
season games using LPS, ii) compare LPS-derived external load between sexes and positions, and
iii) compare skating distance in absolute and relative speed zones as a measure of external load. It
was hypothesized that LPS-derived external load measures would differ between sexes, and
forwards would have faster skating speeds and higher intensity of external load when compared to
defence.
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2.1.3 Study 3
Ice hockey is a stop-and-go team sport that requires repeated high-intensity exercise bouts
separated by short periods of recovery. Only recently, research has aimed to quantify the workload
of ice hockey players using wearable technology. Thanks to newly developed technology, LPS can
measure the external load of athletes and provide GPS-like measures that were otherwise restricted
to collecting data in outdoor sports. Given the limited research available in select populations,
more research is needed to characterize the external load of ice hockey in different levels of play
and game situations. Therefore, the purpose of this study was to quantify and compare player
statistics and novel LPS external load metrics during the unique environment of a male varsity ice
hockey championship (overtime) game across three periods of regulation time (60 min) and two
additional periods of overtime (40 min) for positions and all players. It was hypothesized that
changes in LPS metrics would reveal a decrease in external load in period 3 vs period 1, with
further decreases in the overtime periods 4 and 5. It was also hypothesized that forwards would
have greater intensity of external load when compared to defence.
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CHAPTER 3:
Methods
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3.1 Outline and Explanation
The chapters included in this thesis were part of a larger longitudinal cohort study that
included players from the University of Guelph men’s and women’s varsity ice hockey teams
during the 2019-2020 season. The purpose of this section was to provide detailed methodology for
the entire longitudinal study. External load data collected during games by LPS were reported in
Chapters 4-6 of this thesis. Each of these chapters provide individual methods specific to the
corresponding study. However, there were several sections that were not used in this thesis due to
the large amount of data provided by the full protocol. Data specific to body composition,
hydration testing, internal load, and self-reported questionnaires were not reported in this thesis.
Our future goal is to further analyze all data and produce multiple additional manuscripts that
examine relationships between some of these measures.
Many of these methods involved the assistance of undergraduate and Master of Science
students. However, myself and another Doctor of Philosophy Candidate spent the entire season
travelling with both varsity ice hockey teams for all practices and games to maximize participant
compliance and quality of data collection. My role involved being one of two project leaders, with
the responsibility of all data collection, data cleaning and analysis, and dissemination of results
specific to external load.

3.2 Subjects
Twenty-four female (19.8 ± 1.4 yr, 68.0 ± 6.9 kg, 168.1 ± 5.9 cm) and 26 male (22.1 ± 1.1
yr, 85.9 ± 5.4 kg, 181.3 ± 5.1 cm) varsity ice hockey players at the University of Guelph
participated in this longitudinal study during the 2019-2020 season. Participants wishing to take
part in the research provided written consent for all activities after verbal and written explanation
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at the start of the season. However, subjects were reminded that all activities were voluntary, and
they could opt out of one or all sections of the study at any time. All procedures were approved by
the Research Ethics Board of the University of Guelph, Ontario (REB #: 19-03-001).

3.3 Study Design
This was a longitudinal prospective cohort athlete monitoring study that collected data
from female and male varsity ice hockey players throughout the entire 2019-2020 season
(preseason, regular season, and play-offs). Several measures were collected occasionally
throughout the season to identify any changes that occurred on a long-term basis. Longitudinal and
daily measures were collected before and after each practice and game.

3.4 Occasional Measures
3.4.1 Anthropometrics
Height, weight, and body composition were measured prior to, at the halfway point, and at
the end of the season to examine changes in anthropometrics at different points of the season.
Height was measured in cm using a tape measure secured to the wall and body mass was measured
in kg using a body scale (Coach Me Plus, Buffalo, New York). Body composition was measured
using dual-energy X-ray absorptiometry (DEXA; General Electric Encore 11.20; Madison,
Wisconsin, USA) and bioelectrical impedance analysis (BIA; Body Stat 1500 Analyzer, Isle of
Man, British Isles).
Participants were asked to sign up for a 20-minute time slot within a 4-day period to
complete a DEXA scan. At their scheduled time, players arrived at the Food Science Building on
campus at the University of Guelph and meet a member of the research team. The DEXA scan
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required ~10 mins and involved the machine taking x-rays of several sections of the body until the
body had been completely scanned. The DEXA unit contains a moveable C-arm that sits ~40 cm
over a padded table. During the examination, the participants laid on their back while the C-arm
scanned their body lengthwise a total of 6 times from head to toe using a low dose x-ray beam that
enables the calculation of the relative composition of bone, adipose tissue, and lean body mass.
The total exam time was ~10 min. All DEXA scans were analyzed using the following criteria: i)
the head section was isolated superiorly from the seventh cervical vertebra, ii) the thoracic spine
section was isolated at the level of the thoracic vertebra, iii) the lumbar spine was isolated at the
level of the lumbar vertebra, iv) the left/right arms were isolated from the body through the glenoid
cavity, and v) the left/right legs were isolated from the body through the femoral joint.
Following the completion of the DEXA scan, participants were transferred to another room
for a BIA test. BIA is a non-invasive test that required the subjects to lay in the supine position for
5 min while the fluids in their body equilibrated. Subject information (height, weight, etc.) was
input into the BIA analyzer. The skin on the subject’s right hand (posterior hand, between the distal
portion of the 2nd and 3rd metacarpal) and right foot (dorsum, between the distal portion of the
1st and 2nd metatarsal) were cleaned with an alcohol wipe. Electrodes were then place on the same
locations of the subject’s skin and connected to the BIA analyzer via cable leads. Fat mass and
lean mass was measured through the time it takes the electrical activity to move from the hand
electrodes to the foot electrodes. Given that the electrical activity moves faster through water (in
this case muscle), the analyzer was able to estimate body composition.
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3.4.2 Hydration Testing
All hydration testing measures were collected using the sample protocol during on-ice
practices that included skating, passing, shooting, battling drills, and scrimmages in November
2019 and February 2020. All practices were subjectively assessed as high intensity, players wore
full hockey equipment, and environmental conditions, like temperature and relative humidity
ranged from 8 - 12 °C and from 35 - 48%, respectively, during practices. All data were expressed
per hour to account for differences in practice length (1–1.5 hr with an average of 1.26 ± 0.19 hr).
As players arrived at the arena, they provided a small urine sample (~50–100 ml), voided
their bladder, and were weighed in dry shorts to record a pre-practice body mass (BM) on a body
scale (Coach Me Plus, Buffalo, New York). Pre-practice hydration status (urine specific gravity,
USG) was measured in the urine samples using a digital handheld “pen” refractometer (ATAGO
USA Inc., Bellevue, WA). This device was calibrated prior to measuring each urine sample. USG
values >1.020 were considered to represent dehydration upon arrival to the practice (Casa et al.
2000; Sawka et al. 2007; Thomas et al. 2016).
Players were then asked to consume what they normally drink before and during practice.
Water was only offered in this case due to routine drinking options. Pre-practice drinks were
individually labeled, weighed, and consumed from the time the pre-practice BM was collected to
the time the practice started. The bottles were reweighed once the practice had started to determine
the fluid consumed before practice. Individual bottles of water were provided on the bench during
practice and were weighed before and after practice to measure fluid consumed during practice.
Immediately after measuring pre-practice BM, the players’ foreheads were rinsed with distilled
water, dried, and sweat patches (3M Tegaderm +Pad, London, Canada) were applied to collect
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sweat samples during practice. The sweat patches were removed ~30–45 min into the practice and
were centrifuged to extract the sweat and measure the sweat [Na+].
After practice, players undressed quickly, dried off, and were weighed in dry shorts to
determine their post-practice BM. Forehead sweat [Na+] was measured with the Sweat-Chek
Conductivity Analyzer (Wescor, Logan, UT) and corrected to predict whole-body sweat [Na+]
(Baker et al. 2009). All other calculations have been outlined by Palmer and Spriet (2008). Players
were provided with an individualized report after both practices to outline their results and make
suggestions of how they could improve their hydration habits during exercise moving forward.

3.5 Longitudinal/Daily Measures
Measures taken daily consisted of pre- and post-exercise body mass, exercising heart rate,
perceived wellness and fatigue questionnaires, RPE, self-reported sleep, pain score and location,
injury/illness surveillance, athlete exposure, and on-ice player tracking.

3.5.1 Daily Routine
The daily routine for players on all practice and game days consisted of:
1. Participants arrived for practice or game as they normally would.
2. Dressed in their warm-up attire and recorded their body mass pre-exercise.
3. During the weigh-in, athletes completed a 3-4-word fatigue/stress scale, 2 questions pertaining
to sleep the night before, and one questionnaire addressing and pain or injury (location).
4. After the weigh-in, athletes continued with normal routines for practices or games, but wore a
heart rate monitor strap on their upper arm and a LPS device in their equipment.
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5. After the practice or game, they removed equipment as normal, recorded their post-exercise
body mass and provided a RPE score.

3.5.2 Body Mass
Player body mass was collected before and after each ice time (practices and games) to
monitor longitudinal body mass changes and changes in body mass that occurred from sweating
during exercise. Once changed into their under-equipment clothing, players would report to one
of two iPad stations equipped with the Coach Me Plus software. They would select their picture,
step on the scale once prompted by the software, wait for their body mass to record automatically,
and then step off the scale.

3.5.3. Questionnaires
Once players recorded their pre-exercise body mass, they would complete ~2 min of
questionnaires on the Coach Me Plus software. Determining perceived wellness included 4
questions asking how they felt at that moment. The questions asked players to rate on a scale of 0
(“Not at All”) to 5 (“Extremely”) whether they felt “worn out”, “low energy”, “stressed”, or
“exhausted” for each of these feelings. Players self-reported sleep was collected by asking them to
report the number of hours of sleep they got the previous night (scale of 0 to >12 hrs) and whether
they felt rested when they woke up this morning (“yes” or “no”). In addition to these questions,
players were asked to record any feeling of pain, ranging from 0 (“Not at All”) to 5 (“Extreme
Discomfort/Pain”) and the location(s) of the pain. If a player reported pain/injury or illness, a
weekly summary and an injury or illness report (location, type, mechanism, severity, treatment,
and time-loss information) was completed by a member of the research team. After the players
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recorded their body mass following each practice and game, they provided a RPE, ranging from 1
(rest) to 10 (maximal exertion).

3.5.4 On-ice Player Tracking
Prior to the players arriving at the arena for each practice and game, a member of the
research team would turn on all heart rate monitors (Polar OH1, Outdoor Gear, Montreal, Canada),
secure them in the heart rate straps, and leave them hanging in each player’s stall to wear
underneath their equipment. At this time, the member of the research team would obtain the sensor
for the LPS (Kinexon, Munich, Germany) and secure it in the pouch sewn on the back of the
shoulder pads. Before dressing in their upper body equipment, players would secure the heart rate
monitors on their upper arm and a session recording all on-ice data would be started prior to the
ice time. Following the ice time, all heart rate monitors and LPS sensors were collected, sanitized,
and charged for the next ice time. A full explanation of the LPS system and its metrics have been
outlined in Chapter 4-6, as this was the primary focus of this thesis.
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CHAPTER 4:
Reliability and validity of an indoor local positioning system for measuring external load in
ice hockey players

Presented as Submitted for Publication:
Alexander SD Gamble, Jessica L Bigg, Christopher Pignanelli, Danielle LE Nyman, Jamie F
Burr, Lawrence L Spriet. Submitted to European Journal of Sport Science on June 17th, 2021.
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4.1 ABSTRACT
This study determined the reliability and validity of a Kinexon local positioning system
(LPS) for measuring external load in ice hockey players during an on-ice session. Fourteen ice
hockey players (25.1 y, 78.6 kg, 176.9 cm) wore two LPS sensors to examine the reliability of the
LPS during an on-ice session, and LPS speed and acceleration were measured during 40 m linear
on-ice sprints and compared to a previously validated robotic sprint device to examine LPS
accuracy. The coefficient of variation (CV), standard error of measurement (SEM), and intra-class
correlation coefficient (ICC) were calculated for each LPS measure. Pearson’s correlations, simple
linear regressions, and Bland-Altman plots were used to test the agreement and relationship
between the two systems. Statistical significance was determined at p<0.05. The majority of LPS
measures were reliable (CV<10% and ICC>0.9) when comparing the two sensors worn by each
player. Peak speed, speed at 5 m, and 0-5 m acceleration were all comparable to those reported by
the robotic sprint device, with nearly perfect (peak speed and 0-5 m acceleration) and very large
(speed at 5 m) magnitudes of correlation and mean biases <0.5 km/hr for speed measures and
<0.01 m/s2 for acceleration. The present results demonstrate that the Kinexon LPS is reliable and
accurate for investigating on-ice external load in ice hockey players when sensors are consistently
secured on the back of the players’ shoulder pads.

Key words: Team Sport, Technology, Performance
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4.2 HIGHLIGHTS
-

Local positioning systems allow for player tracking in indoor sports, similar to those
provided by global positioning systems outdoors. It can be used to quantify the external
load of ice hockey players.

-

The majority of LPS-derived external load measures were reliable, although the number of
accelerations and decelerations may need to be used with caution at this time.

-

LPS-derived speed and acceleration measures determined during forward skating linear
sprints were valid when compared with an accepted robotic sprint device.

4.3 INTRODUCTION
External load is the work performed by athletes during training or competition, which is
assessed independently of internal workloads (Bourdon et al. 2017). Until recently, measuring
external load by tracking the location of athletes on the playing surface during training and
competition was only possible outdoors with global positioning systems (GPS) and indoors with
video tracking. Fortunately, athlete monitoring research has evolved to quantify the external load
of playing ice hockey using wearable technology due to advancements in accelerometry (Van
Iterson et al. 2017; Douglas et al. 2019a, b, 2020) and other player tracking systems (Douglas &
Kennedy 2020; Vigh-Larsen et al. 2020).
Novel technology now allows the setup of local indoor networks, or local positioning
systems (LPS), that communicate the location of athletes wearing sensors to devices that have
mapped out the playing surface, similar to GPS-satellite communication (Alarifi et al. 2016;
Serpiello et al. 2018). Measures such as distance travelled, speed, acceleration, and other variables
or events that occur during training and competition can be determined. With this capability,
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quantifying external player loads in indoor sports using objectively measured workload and
performance is achievable.
Several studies have reported that LPS are valid (Ogris et al. 2012; Bastida-Castillo et al.
2018, 2019a, b) with one study reporting that a LPS system had superior validity and reliability
when compared to two GPS devices outdoors (Hoppe et al. 2018). However, this study also noted
that several measurement errors resulted in outliers that had to be excluded. A recent systematic
review of the literature examining wearable technology in team sports provides a thorough
assessment of the validity and reliability of LPS that have been evaluated in research thus far
(Crang et al. 2021). Based on this review, the main conclusions at this point are that i) validity and
reliability depend largely on system brand and setup, sampling rate, and specific movements, ii)
systems with higher sampling rates (>10 Hz) appear to provide better accuracy, and iii) validity
appears to be reduced in several measures with short and sudden changes in velocity. While each
LPS metric should be evaluated individually; overall, there appears to be value in using these
devices for tracking athlete movements indoors.
Prior to wearable technology being used to quantify the workload of athletes, the reliability
and validity of each specific device must be considered. Given that any comparison of LPS to GPS
or 3-D motion analysis is challenging for ice hockey practices and games due to indoor settings
and the dynamic nature of the sport, LPS measures should be compared to those provided by other
accepted technology to ensure results are valid. Therefore, the purposes of this study were to i)
determine the reliability of the Kinexon LPS by collecting on-ice measures with two identical LPS
sensors on each individual during an on-ice session, and ii) compare on-ice speed and acceleration
measures between the LPS and a previously validated robotic sprint device during on-ice 40 m
linear sprints.
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4.4 METHODS
4.4.1 Subjects
Fourteen female (n=4, 21.3 y, 72.0 kg, 170.8 cm) and male (n=10, 26.7 y, 81.2 kg, 179.3
cm) ice hockey players were recruited to participate in this study. All players had >10 years of
hockey experience, with their highest levels of play including recreational (1 female and 2 males),
elite youth (2 males), junior (3 males), and major junior/Canadian University Sports (3 females
and 3 males). The players were informed of all protocols, requirements, and risks prior to obtaining
oral and written consent. The study was a component of a larger longitudinal athlete surveillance
study approved by the research ethics board at the University of Guelph (REB #: 19-03-001).

4.4.2 Procedure
All data were collected during a single on-ice session (~70 min; session time started when
players entered the ice surface) that encompassed six drills. Players were instructed to arrive at the
arena 30 min prior to the ice time to get dressed and have the LPS sensors secured to their
equipment. Following a short on-ice warmup, players took part in drills that included i) 40 m linear
sprints (three trials), ii) 5-circle crossovers (two trials), iii) four sharp turns around cones (two
trials), iv) two forward-to-backward and two backward-to forward pivots around cones (two trials),
and v) two right and two left starts-and-stops while skating one length of the ice. The measures
collected by the LPS throughout the entire ice time were used to compare the two sensors that each
player wore. The LPS and robotic sprint device were used to compare speed and acceleration
measures during the 40 m sprints. For the purpose of this study, external load measures were
considered those reported by the LPS and robotic sprint device.
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player sensors (through ultra-wideband channels ranging from 3244.88-4742.40 MHz) allowed for
collection of real-time data, which was then transmitted to the server via hardwired connection
(Figure 1). Using the local network, the LPS platform and data (sampling rate of 20 Hz) could be
retrieved on a secure computer or tablet.
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Figure 1. Schematic diagram outlining the location of one server and 16 anchors that allow for
on-ice player tracking during games and practices using an ultra-wideband local positioning
system (Kinexon, Munich, Germany).
45

Definitions of external load LPS measures were adapted from One & Media - KNX ONE
Hockey Metrics (Kinexon, Munich, Germany). The recorded measures during the session
included; i) time-on-ice (TOI): time that each player spent on the ice, ii) skating distance: distance
covered based on changes in on-ice position, iii) peak skating speed: maximum instantaneous
speed based on changes in on-ice position and time, iv) peak acceleration: maximum instantaneous
acceleration based on changes in on-ice speed and time, v) peak deceleration: maximum
instantaneous deceleration based on changes in on-ice speed and time, vi) number of accelerations
and decelerations: frequency of player accelerations and decelerations >2 m/s2, vii) accumulative
acceleration load: the sum of all differentials of accelerometer data, vii) turns: number of left or
right turns, vii) changes of direction: frequency of changes in on-ice motion direction following a
deceleration and prior to an acceleration, and ix) skating transitions: number of transitions from
forward-to-backward or backward-to-forward skating. Raw LPS data were used to determine
speed and acceleration measures based on times from the LPS and 1080 Sprint device.

4.4.2.2 1080 Sprint Device
A robotic sprint device (1080 Sprint, 1080 Motion, Lidingo, Sweden) was used as a
comparison of speed and acceleration during the 40 m on-ice linear skating sprints. The 1080
Sprint cord was secured to the posterior loop of the hockey pants prior to sprint initiation (set to 1
kg resistance to maintain tension on cord). Subjects began the sprint from a static position
following a signal from the researcher and were instructed to skate as quickly as possible for the
entire 40 m. Further device-specific background and similar sprint procedures using the device
have been outlined in previous literature (Rakovic et al. 2020; Thompson et al. 2020).
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4.4.3 Statistical Analysis
All data are presented as mean ± standard deviation (SD) or as counts and were analyzed
using SPSS version 26 (Armonk, NY). Q-Q plots were used to visually confirm normality.
Measures collected during the on-ice session from the LPS were first analyzed for reliability by
calculating the coefficient of variation (CV), standard error of measurement (SEM), and intra-class
correlation coefficient (ICC3, 2) with absolute agreement (Trevethan 2017) between the two sensors
that were worn by each player. CV was calculated between the two sensors for each participant
and then averaged to compare each measure between the two sensors for the entire sample. Based
on the ICC thresholds outlined by Hopkins et al. (2009) and used by Perez et al. (2019), the level
of reliability for measures was considered i) low: 0.20–0.49, ii) moderate: 0.50–0.74, iii) high:
0.75–0.89, iv) very high: 0.90–0.98, and v) extremely high: ≥ 0.99. Similar calculations were used
to compare speed and acceleration measures between the Kinexon LPS (data from sensor #1:
secured in the optimal location on players’ shoulder pads) and the resisted sprint device (1080
Sprint). The magnitudes of Pearson’s correlations were categorized (r<0.1=trivial, 0.1-0.3=small,
0.3-0.5=moderate, 0.5-0.7=large, 0.7-0.9=very large, >0.9=nearly perfect, and 1=perfect) based
on other team sport research (Douglas et al. 2018; Bastida-Castillo et al. 2019a). Additionally,
simple linear regression, and Bland-Altman plots were used to test the agreement and relationship
between average peak speed, speed at 5 m, and 0-5 m acceleration. Statistical significance was
determined by p<0.05.

4.5 RESULTS
4.5.1 Reliability Between LPS Sensors
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Based on CVs, the majority of LPS measures (9 of 12) showed strong reliability (CV<
10%) when comparing two sensors worn by the same player (Table 1). SEM ranged from 0.005
km/hr for peak speed to 5.738 m for skating distance. TOI, skating distance, peak speed, average
speed, accumulative acceleration load, turns, changes of direction, and skating transitions all had
very- or extremely high levels of reliability, and only the number of accelerations (low) and
number of decelerations and peak acceleration (moderate) had less than a high level of reliability
between sensors based on ICCs.

Table 1. Reliability of external load measures in ice hockey players collected from two sensors
using the same local positioning system (LPS, Kinexon) during an on-ice session.
LPS Measure

Sensor 1

Sensor 2

CV (%)

SEM

ICC

Time-on ice (s)

4006 ± 49

4007 ± 37

0.12

0.974

0.957

Skating distance (m)

2225 ± 472

2261 ± 512

2.47

5.738

0.990

Peak speed (km/hr)

30.84 ± 2.92

30.88 ± 2.96

0.62

0.013

0.995

Average speed (km/hr)

2.00 ± 0.44

2.04 ± 0.48

2.51

0.005

0.990

Peak acceleration
(m/s^2)

4.26 ± 0.56

3.95 ± 0.53

7.51

0.167

0.703

Peak deceleration
(m/s^2)

-6.17 ± 0.70

-6.05 ± 0.73

4.31

0.084

0.898

Number of
accelerations

23.29 ± 6.04

26.21 ± 6.72

16.17

3.389

0.405

Number of
decelerations

32.43 ± 7.07

32.64 ± 8.63

13.14

2.483

0.695

Accumulative
acceleration load (AU)

85.97 ± 13.48

119.84 ± 134.05

2.49

0.268

0.984

Turns

24.29 ± 8.42

22.36 ± 7.83

9.45

0.424

0.958

Changes of direction

9.21 ± 3.72

10.29 ± 4.10

16.26

0.362

0.918

Skating transitions

11.33 ± 3.82

11.67 ± 4.01

7.74

0.112

0.975

Data are presented as mean ± SD. CV: Coefficient of variation; SEM: Standard error of measurement;
ICC: intra-class correlation coefficient. AU: arbitrary units.
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4.5.2 Comparison of Speed and Acceleration Measures Between Two Systems
Comparisons between the Kinexon LPS and 1080 Sprint were very good with low CVs
and SEMs and ICCs of extremely high (peak speed) and very high (speed at 5 m and 0-5 m
acceleration) during the 40 m linear sprint (Table 2). Correlations between systems had nearly
perfect magnitudes for peak speed (Figure 2a) and 0-5 m acceleration (Figure 2c) and a very large
magnitude for speed at 5 m (Figure 2b), and all three relationships were highly significant
(p<0.001). The small mean biases between systems demonstrated that the LPS measured slightly
greater peak speed (0.25 ± 0.41 km/hr or 0.83%), speed at 5 m (0.46 ± 0.70 km/hr or 2.38%), and
0-5 m acceleration (0.09 ± 0.14 m/s2 or 2.47%) compared to the 1080 Sprint (Figures 2d-f).

Table 2. Comparison of peak speed, speed at 5 m, and acceleration (0-5 m) measured by a
robotic sprint device (1080 Sprint) and a local positioning system (LPS, Kinexon) during a 40 m
on-ice linear sprint in ice hockey players.
1080 Sprint

Kinexon

CV (%)

SEM

ICC

Correlation (r)

p-value

Peak Speed
(km/hr)

30.21 ± 2.87

30.46 ± 2.84

0.87

0.022

0.993

0.989

<0.001

Speed at 5 m
(km/hr)

18.93 ± 1.55

19.38 ± 1.47

2.71

0.146

0.921

0.892

<0.001

Acceleration
(0-5 m) (m/s2)

3.65 ± 0.56

3.74 ± 0.53

2.88

0.016

0.977

0.968

<0.001

Data are presented as mean ± SD. CV: coefficient of variation; SEM: Standard error of measurement;
ICC: Intra-class correlation coefficient; Correlation coefficient (Pearson’s r) significant when p<0.05.
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4.6 DISCUSSION
The purposes of this study were to i) determine the reliability of the Kinexon LPS by
comparing on-ice measures from two sensors during an on-ice session, and ii) compare on-ice
speed and acceleration measures between the LPS and the 1080 Sprint device. A reliability analysis
showed that the majority of LPS measures were reliable (CV<10% and ICC>0.9), although the
number of accelerations and decelerations may need to be used with caution at this time. Peak
speed, speed at 5 m, and 0-5 m acceleration during a forward skating linear sprint were all
comparable to those reported by the 1080 Sprint device, with nearly perfect (peak speed and 0-5
m acceleration) and very large (speed at 5 m) magnitudes of correlation with mean biases <0.5
km/hr for speed and <0.1 m/s2 for acceleration measures.

4.6.1 Reliability Between LPS Sensors
Based on the CVs and ICCs outlined in Table 1, TOI, skating distance, peak speed, average
speed, peak acceleration, peak deceleration, accumulative acceleration load, turns, and skating
transitions all appear to be reliable between two LPS sensors being worn by the same player.
Number of accelerations and decelerations, and changes of direction showed weaker reliability
based on CVs, but the ICCs for changes of direction and number of decelerations were still
considered to have very high and moderate reliability, respectively.
Previous research examining LPS reported that inter-device reliability appeared to be
adequate for measures of total distance and average velocity (Bastida-Castillo et al. 2018; Hoppe
et al. 2018) and peak velocity (Hoppe et al. 2018) in most cases, but there is limited information
regarding other measures. Some measures of intra-device and inter-trial (test-retest) reliability are
not quite clear, but total distance and average speed have been reported as adequate (Rhodes et al.

51

2014; Bastida-Castillo et al. 2018). Nevertheless, the challenge of trying to replicate participants’
effort and performance between trials is completely separate from the reliability of the technology
itself (Crang et al. 2021). One limitation of LPS that is outlined in the literature is a reduced
reliability with short and sudden changes in velocity (Buchheit et al. 2014; Rhodes et al. 2014;
Luteberget et al. 2018), potentially outlining the importance of higher sampling rates (>10 Hz). To
our knowledge, the current LPS has the highest sampling rates (20 Hz) offered in real-time LPS
player tracking technology, but it is possible that the reliability of the number of accelerations,
number of decelerations, and changes of direction could be improved with even higher sampling
rates.
With this in mind, sensor location should also be considered. The first sensor was attached
to the posterior side of the participants’ shoulder pads near the superior 1/3 of the scapula, while
the second sensor was directly above it (within 5 cm). Guidelines suggested by the manufacturer
outline the importance of the wearable technology being secured in the same location for each use
to ensure reliable and valid results. Even a small difference in sensor location could affect results,
and therefore, ensuring the same sensor location [pouch that secures sensor could be attached
(semi-) permanently to shoulder pads] during multiple sessions of data collection is key for the
strong reliability reported for many of the current measures.

4.6.2 Comparison of Speed and Acceleration Measures Between Two Systems
Peak speed, speed at 5 m, and 0-5 m acceleration all showed excellent agreement between
the LPS and robotic sprint device. While not specific to ice hockey, the 1080 Sprint device has
been reported valid in handball players during 30 m sprints, with some concerns at 0-5 m time
splits (Rakovic et al. 2020). Studies have suggested that small correction factors may be needed to
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maximize validity during different sprint starts (Haugen and Buchheit 2016, Rakovic et al. 2020);
however, these correction factors are based on running, which would be completely different than
skating mechanics. Regardless, it appears that based on this comparison and low mean biases
between systems, LPS reported comparable speed and acceleration measures to that of the 1080
Sprint during a 40 m on-ice linear sprint. This may also be beneficial for comparisons across
studies or systems when only one is an option.
Measuring total distance with LPS was reportedly accurate when compared to 3D motion
analysis, which may be considered the ‘gold standard’ in this case (Stevens et al. 2014; Linke et
al. 2018; Serpiello et al. 2018). This is optimistic given that measures of speed and acceleration
can be measured indirectly based on distance and time. However, analyzing multiple practices or
games using video or 3D-motion analysis can be subjective, and is certainly not feasible from a
practical standpoint (Barris and Button 2008), which outlines the advantage of using LPS and other
wearable technology to collect data during complex and dynamic practice and game situations.
When compared to GPS, LPS has shown to be adequate or had even greater accuracy in some
cases due to the potential for higher sampling rates (Bastida-Castillo et al. 2018, 2019b; Hoppe et
al. 2018). With that said, one major factor of accuracy for LPS appears to be precision in the setup
of the technology (Crang et al. 2021). In scenarios where only suboptimal setup (system
asymmetrical, small distance between nodes and testing area) is feasible, biases were significantly
higher for several measures (Luteberget et al. 2018). However, this was not a concern in the present
study given that the optimal setup was achieved.
Studies have reported inconsistent results regarding peak and instantaneous speed and
acceleration and deceleration measures. While some studies have reported biases >13% for LPS
measures, there are several studies that suggest accuracy within 10% for peak velocity (Ogris et
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al. 2012; Buchheit et al. 2014; Rhodes et al. 2014; Stevens et al. 2014; Hoppe et al. 2018; Linke et
al. 2018; Serpiello et al. 2018). Validity of instantaneous speed was dependent on system and
system setup, with optimal LPS setup being essential to minimize bias (Linke et al. 2018;
Luteberget et al. 2018). Similarly, peak acceleration and deceleration appear to be valid in some
cases as well, but results did differ between LPS systems (Stevens et al. 2014; Serpiello et al.
2018). Therefore, it is important to at least consider the validity and reliability of each system
specifically. Regardless, device sensitivity seems to decrease with repeated direction changes at
high speeds or short and sudden changes in velocity (Buchheit et al. 2014; Rhodes et al. 2014;
Luteberget et al. 2018). The current study follows a similar trend with some of the measures
considering short and sudden changes in velocity appearing to be less reliable (number of
accelerations and decelerations), although, the main findings suggest that the majority of measures
are reliable between sensors and speed and acceleration measures are accurate when compared
with the robotic sprint device.
The value of this technology is that it allows for objective quantification of the game of ice
hockey in practices and games, which can then be related to coaching and training strategies,
optimizing performance, and preventing injury. While further research ensuring the sensitivity of
a few of the LPS-derived measures would be useful, the results of the present study outline that
many LPS measures were reliable and LPS-derived speed and acceleration in forward skating were
valid when compared with an accepted robotic sprint device. Researchers and coaches should feel
comfortable using this information in athlete monitoring practices at this time, as long as LPS
sensors are secured to the participants equipment in the same location for each use. Due to the high
cost and potential lack of access to this technology, it is important to focus on the generalization
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of data moving forward to educate researchers, coaches, and athletes, and hopefully improve the
application of findings regardless of the population being considered.

4.6.3 Conclusion
In conclusion, the results of this study suggest that the Kinexon LPS provides reliable
measures of TOI, skating distance, peak speed, average speed, peak acceleration and deceleration,
accumulative acceleration load, turns, and skating transitions during an on-ice session. Similarly,
peak speed, speed at 5 m, and 0-5 m acceleration were all comparable to those reported by the
previously validated 1080 Sprint device during a 40 m linear sprint. While there are limitations to
the current study with only investigating a linear sprint, the most appropriate ways of examining
measures during a full practice or game in a feasible manner are not yet clear. The current results
provide evidence that the LPS is valuable for investigating several on-ice external load measures
that can be quantified during training and competition in ice hockey players.
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CHAPTER 5:
LPS-derived external load of female and male varsity ice hockey players during games

Presented as Submitted for Publication:
Alexander SD Gamble, Jessica L Bigg, Danielle LE Nyman, Lawrence L Spriet. Submitted to
International Journal of Sports Medicine on June 20th, 2021.
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5.1 ABSTRACT
This study quantified and compared external load of female and male varsity ice hockey
players during regular season games using a local positioning system. Data were collected for 21
female (7 defence, 14 forwards; 20.0 ± 1.4 yrs, 69.1 ± 6.7 kg, 167.1 ± 5.4 cm) and 25 male (8
defence, 17 forwards; 21.9 ± 1.1 yrs, 85.9 ± 5.4 kg, 181.1 ± 5.2 cm) varsity ice hockey players.
Measures included skating distance (total and in absolute and relative speed zones), peak skating
speed, peak acceleration and deceleration, accumulative acceleration load, and number of
accelerations, decelerations, turns, skating transitions, direction changes, and impacts. Female and
male players had a high external load during games, with average peak skating speeds >28 km/hr
and average skating distances >4.4 km. Most local positioning system-derived measures showed
a greater external load in males than females (p<0.05). Forwards skated farther at higher speeds
compared to defence in both sexes (p<0.001). Skating distances were significantly different when
comparing absolute and relative speed zones (p<0.001). This study was the first to use a local
positioning system to measure external load in female ice hockey players. Sex and positional
differences outline the importance of individualized athlete monitoring.

Key words: Player Tracking, Wearable Technology, Athlete Monitoring, Individualized Speed
Thresholds, Local Positioning System
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5.2 INTRODUCTION
Athlete load can be separated into internal and external load, with the external load of an
athlete defined as the amount of work objectively quantified during training or competition
(Bourdon et al. 2017). Traditionally, athlete external load was primarily measured by time or
distance of exposure. Time-motion and video analysis have been used to investigate movement
characteristics and skating in female and male varsity ice hockey players (Jackson et al. 2016,
2017). This research has provided important introductory analyses of ice hockey movements, but
quantifying movements in detail using video analysis is difficult given that it can be timeconsuming and subjective (Dobson and Keogh 2007; Dellaserra et al. 2014). Recently, local
positioning systems (LPS) have allowed for quantification of external load and athlete movement
tracking in indoor sports where global positioning systems (GPS) are not feasible.
While timing gates, video analysis, and other wearable technology have also been used to
measure external load in ice hockey (Van Iterson et al. 2017; Lignell et al. 2018; Link et al. 2019;
Stetter et al. 2019; Douglas et al. 2019a; Allard et al. 2020), they do not provide the same amount
of information as LPS. Based on positional information in indoor sports, similar to positiontracking in GPS when used outdoors, distance travelled, speed, acceleration, deceleration can all
be collected. LPS have been validated when compared to GPS, video x and y coordinate position,
and an infra-red camera system (Bastida-Castillo et al. 2018, 2019a, b; Hoppe et al. 2018;
Luteberget et al. 2018).
At this time, accelerometry has been the primary measure of external load in female ice
hockey players, which has been applied to comparisons of match outcome, training and
competition, and elite and sub-elite players (Douglas et al. 2019a, b, 2020). However, there are
only two studies that have measured external load in ice hockey games using LPS, but both studies
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were in males (Douglas and Kennedy 2020; Vigh-Larsen et al. 2020). Given the differences in
female and male anthropometrics, physiology, and competition rules (Hunter 2014), studies using
LPS to measure external load are needed to provide this information for female ice hockey players,
especially during games.
Previous research reported faster skating speeds or higher intensity external load in
forwards compared to defence in both female and male players using various methods of athlete
monitoring (Lignell et al. 2018; Douglas et al. 2019a; Allard et al. 2020; Douglas and Kennedy
2020). While athlete load research is relatively new in ice hockey and more studies are needed to
determine the most appropriate LPS metric to measure external load, in-field rugby research has
suggested the importance of considering relative measures of external load to prevent
misrepresentation of individual workloads between positions or sexes (Clarke et al. 2015; Reardon
et al. 2015; Takamori et al. 2020; Nyman and Spriet 2021). For example, distance travelled in what
are considered physiologically demanding or high-intensity speed zones could change drastically
between absolute thresholds previously outlined in ice hockey and those that consider each
player’s peak speed (Lignell et al. 2018). The differences within the game of ice hockey between
sexes and positions outline the need for this consideration, especially if these measures are being
used for a method of monitoring workload.
Therefore, the purposes of this study were to i) quantify the external load for both female
and male varsity ice hockey players during regular season games using LPS, ii) compare LPSderived external load between sexes and positions, and iii) compare skating distance in absolute
and relative speed zones as a measure of external load. It was hypothesized that LPS-derived
external load measures would differ between sexes, and forward players would have faster skating
speeds and higher intensity of external load when compared to defence players.
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5.3 METHODS
5.3.1 Subjects
Twenty-one female (7 defence, 14 forwards) and 25 male (8 defence, 17 forwards) varsity
ice hockey players participated in this research during the 2019-2020 season. The mean (± SD)
age, weight, and height of the subjects were 20.0 ± 1.4 yrs, 69.1 ± 6.7 kg, 167.1 ± 5.4 cm for
females and 21.9 ± 1.1 yrs, 85.9 ± 5.4 kg, 181.1 ± 5.2 cm for males. Players were informed of all
protocols, requirements, and risks, both verbally and in writing, prior to obtaining oral and written
consent. All procedures were approved by the Research Ethics Board of the University and
conformed to the Declaration of Helsinki and meets the ethical standards of the journal (Harriss et
al. 2019).

5.3.2 Study Design
External load data were collected for men’s (13 games) and women’s (11 games) varsity
ice hockey teams during the 2019-2020 regular season using an ultra-wideband LPS (Kinexon,
Munich, Germany). Eighteen skaters (6 defence, 12 forwards) were selected to participate in each
game by respective coaches. All games were standardized by league regulation and played on the
same Olympic-size ice surface. Data collection only occurred during game play, which did not
include warmups or intermissions.

5.3.2.1 LPS-Derived External Load
The LPS incorporated specific local network access, one Power over Ethernet switch and
one server (located in the media booth), 16 anchors (secured to the rafters), and one sensor for
each participant (secured in a patch on the posterior side of the shoulder pads near the superior 1/3
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of the scapula) (Figure 1). Each sensor was also equipped with an accelerometer (measures specific
force/acceleration), a gyroscope (measures angular velocity), and a magnetometer (provides
orientation with respect to magnetic north and south). Communication between anchors and the
player sensors (though ultra-wideband channels ranging from 3244.88-4742.40 MHz) allowed for
collection of real-time data, which was then transmitted to the server via hardwired connection.
Using the local network, the LPS platform and data (sampling rate of 20 Hz) could be retrieved on
a secure computer or tablet.

[See Figure 1 in Chapter 4]
Figure 1. Schematic diagram outlining the location of one server and 16 anchors that allow for
on-ice player tracking during games and practices using an ultra-wideband local positioning
system (Kinexon, Munich, Germany).

Definitions of external load LPS metrics were adapted from One & Media - KNX ONE
Hockey Metrics (Kinexon, Munich, Germany). Recorded metrics included, i) skating distance:
distance covered based on changes in on-ice position (total and separated into specific speed
zones), ii) peak skating speed: maximum instantaneous speed based on changes in on-ice position
and time, iii) peak acceleration: maximum instantaneous acceleration based on changes in on-ice
speed and time, iv) peak deceleration: maximum instantaneous deceleration based on changes in
on-ice speed and time, v) number of accelerations and decelerations: frequency of player
accelerations and decelerations >|2 m/s2|, vi) sharp (turn radius <2 m) and wide (turn radius >2 m)
turns, vii) skating transitions: number of transitions from forward-to-backward or backward-toforward skating, viii) number of changes of direction: frequency of changes in on-ice motion
direction following a deceleration and prior to an acceleration, and ix) number of impacts:
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frequency of collisions (triggered by a G force >3 g on the sensor) with the ice, boards, or another
player.

5.3.2.2 Determining Skating Distance in Speed Zones
Absolute and relative speed zones were used to provide a measure of intensity to the skating
distance travelled. Female and male absolute speed zones used in the present study were based on
those previously outlined in elite male ice-hockey literature (Lignell et al. 2018). Relative speed
zones were determined by first identifying the peak game speed during the season for each player
and then calculating percentages of the peak speed accordingly, as previously done by other team
sport research (Table 1) (Reardon et al. 2015; Takamori et al. 2020; Nyman and Spriet 2021).

Table 1. Absolute and relative speed zones used to examine intensity of skating distances.
Absolute Speed Zones
Relative Speed Zones
Speed
% Peak
Speed for Females Speed for Males
(km/hr)
Speed
(km/hr)
(km/hr)
Very Slow

1.0-10.9

<20%

<6.0

<6.6

Slow

11.0-13.9

20-39%

6.1-12.0

6.7-13.2

Moderate

14.0-16.9

40-59%

12.1-18.1

13.3-19.7

Fast

17.0-20.9

60-79%

18.2-24.1

19.8-26.4

Very Fast

21.0-24.0

80-90%

24.2-27.1

26.5-29.7

Sprint

>24.0

>90%

>27.1

>29.7

5.3.3 Statistical Analysis
All data are presented as means ± SD and were analyzed using STATA/IC 15.0 software
(College Station, TX) and SPSS version 26 (Armonk, NY). Q-Q plots were used to visually
confirm normality. Due to the differences in female and male ice hockey making it inappropriate
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for some of these groups to be combined for comparison, unpaired two-sample t tests were used
to compare means of LPS measures between females and males within defence, forwards, and all
players. Unpaired two-sample t tests were also used to compare means of LPS measures between
defence and forwards within females and males separately. Paired two-sample t tests were used to
compare means of skating distance in absolute and relative speed zones. Statistical significance
was determined by p<0.05.

5.4 RESULTS
5.4.1 Peak Skating Speed and Skating Distance
Average peak skating speeds for regular season games were significantly greater for males
in all players (31.16 ± 1.64 vs 28.73 ± 1.51 km/hr), defence (30.15 ± 1.68 vs 28.52 ± 1.74 km/hr),
and forwards (31.73 ± 1.33 vs 28.82 ± 1.39 km/hr) compared to females (all p<0.001). Forwards
had greater peak speeds than defence in males (p<0.001), but not in females (p=0.197).
Average total skating distances were also significantly greater for males than females in all
players (5381 ± 1705 vs 4489 ± 1152 m), defence (5617 ± 1441 vs 5154 ± 1144 m; p=0.042), and
forwards (5250 ± 1828 vs 4206 ± 1037 m). Defence skated farther than forwards in females
(p<0.001), but not in males (p=0.115).
Skating distances in absolute speed zones were significantly greater for males than females
in very slow, fast, very fast, and sprint speed zones (p<0.004; Figure 2). Male forwards also skated
farther in very slow, fast, very fast, and sprint speed zones, while male defence skated farther in
the fast, very fast, and sprint speed zones (Table 2). Female and male defence skated significantly
farther than forwards in the very slow, slow, and moderate speed zones (p<0.001). However,
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female and male forwards skated significantly farther than defence in very fast and sprint speed
zones (p<0.001). There were no positional differences in the fast speed zone (p>0.150).
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Table 2. Comparison of local positioning system measured absolute skating distances between
females and males during regular season ice hockey games.
Females

Males

P-value

Skating distance in very slow speed zone (1.0-10.9 km/hr) – (m)
Defence

1790 ± 406

1837 ± 485

0.546

Forwards

1128 ± 384 *

1281 ± 490 *

0.004

Skating distance in slow speed zone (11.0-13.9 km/hr) – (m)
Defence

936 ± 219

869 ± 245

0.093

Forwards

655 ± 203 *

650 ± 256 *

0.858

Skating distance in moderate speed zone (14.0-16.9 km/hr) – (m)
Defence

934 ± 225

935± 258

0.987

Forwards

748 ± 209 *

791 ± 313 *

0.175

Skating distance in fast speed zone (17.0-20.9 km/hr) – (m)
Defence

966 ± 274

1131 ± 319

0.002

Forwards

1003 ± 288

1212 ± 452

<0.001

Skating distance in very fast speed zone (21.0-24.0 km/hr) – (m)
Defence

337 ± 125

502 ± 194

<0.001

Forwards

445 ± 133 *

699 ± 253 *

<0.001

Skating distance in sprint speed zone (>24.0 km/hr) – (m)
Defence

158 ± 112

316 ± 176

<0.001

Forwards

207 ± 94 *

584 ± 227 *

<0.001

Data are presented as means ± SD. P-values represent comparisons of means between males and females
within the same position. *, represents a significant difference between defence and forwards (p<0.05).

When considering relative speed zones, skating distances were significantly greater for
males than females at all speeds, except the sprint speed zone (p<0.010; Figure 2). Male defence
and forwards also skated farther at all speeds, except the sprint speed zone, when compared to their
female counterparts (Table 3). Female and male defence skated significantly farther than forwards
in very slow and slow speed zones (p<0.001), while only female defence skated farther than
forwards in the moderate speed zone (p<0.001). Additionally, female and male forwards skated
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farther than defence in fast and very fast speed zones (p<0.003), and only female forwards skated
farther than defence in moderate and sprint speed zones (p<0.007). All skating distances were
significantly different when comparing absolute and relative speed zones within sex and for all
players (p<0.001; Figure 2).

Table 3. Comparison of local positioning system measured relative skating distances between
females and males during regular season ice hockey games.
Females

Males

P-value

Skating distance in very slow speed zone (20% peak speed) – (m)
Defence

597 ± 173

666 ± 175

0.021

Forwards

361 ± 130 *

512 ± 187 *

<0.001

Skating distance in slow speed zone (20-39% peak speed) – (m)
Defence

1589 ± 418

1734 ± 474

0.061

Forwards

1042 ± 384 *

1323 ± 517 *

<0.001

Skating distance in moderate speed zone (40-59% peak speed) – (m)
Defence

1853 ± 450

1965 ± 524

0.182

Forwards

1476 ± 404 *

1882 ± 702

<0.001

Skating distance in fast speed zone (60-79% peak speed) – (m)
Defence

984 ± 271

1097 ± 414

0.068

Forwards

1144 ± 343 *

1326 ± 480 *

<0.001

Skating distance in very fast speed zone (80-90% peak speed) – (m)
Defence

112 ± 50

131 ± 97

0.158

Forwards

153 ± 66 *

178 ± 82 *

0.006

Skating distance in sprint speed zone (>90% peak speed) – (m)
Defence

20 ± 18

23 ± 28

0.461

Forwards

30 ± 24 *

29 ± 24

0.681

Data are presented as means ± SD. P-values represent comparisons of means between males and females
within the same position. *, represents a significant difference between defence and forwards (p<0.05).
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5.4.2 Additional LPS-Derived External Load Measures
Table 4 summarizes average LPS-derived external load measures and comparisons
between females and males for defence, forwards, and all players. Males had significantly greater
averages in all LPS measures, except for the number of turns and skating transitions in defence.
Positional differences between defence and forwards included greater peak acceleration (p=0.022)
and deceleration (p=0.002) for male forwards and greater accumulative acceleration load
(p<0.001) for female defence. Additionally, female and male defence had more accelerations
(p<0.023), decelerations (p<0.001), skating transitions (p<0.001), and direction changes
(p<0.001), while female defence had more turns (p=0.006) and male forwards had more impacts
(p<0.001).

Table 4. Comparison of local positioning system-derived external load between females and
males during regular season ice hockey games.
Females
Peak acceleration (m/s2)
Defence
3.62 ± 0.49
Forwards
3.70 ± 0.38
All Players
3.67 ± 0.45
2
Peak deceleration (m/s )
Defence
-5.51 ± 0.66
Forwards
-5.51 ± 0.62
All Players
-5.51 ± 0.63
Accumulative acceleration load (AU)
Defence
152.1 ± 39.1
Forwards
131.8 ± 25.9 *
All Players
137.9 ± 31.7
Number of accelerations
Defence
29.2 ± 7.9
Forwards
25.7 ± 10.5 *
All Players
26.7 ± 9.9
Number of decelerations
Defence
58.7 ± 12.6
Forwards
48.7 ± 13.5 *
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Males

P-value

3.98 ± 0.38
4.11 ± 0.45 *
4.06 ± 0.43

<0.001
<0.001
<0.001

-5.82 ± 0.61
-6.09 ± 0.63 *
-5.99 ± 0.64

0.005
<0.001
<0.001

189.6 ± 44.4
178.6 ± 57.0
182.6 ± 53.1

<0.001
<0.001
<0.001

48.5 ± 16.5
43.3 ± 16.4 *
45.2 ± 16.6

<0.001
<0.001
<0.001

65.2 ± 17.0
53.7 ± 17.0 *

0.014
0.007

All Players
51.7 ± 14.0
57.8 ± 17.8
<0.001
Number of turns
Defence
59.1 ± 19.0
65.6 ± 27.1
0.115
Forwards
51.7 ± 16.5 *
66.9 ± 27.6
<0.001
All Players
53.9 ± 17.6
66.5 ± 27.4
<0.001
Number of skating transitions
Defence
82.9 ± 34.3
83.5 ± 30.4
0.982
Forwards
32.9 ± 12.9 *
48.3 ± 20.3 *
<0.001
All Players
48.0 ± 31.5
60.6 ± 29.5
<0.001
Number of direction changes
Defence
14.7 ± 5.9
17.7 ± 6.6
0.006
Forwards
10.9 ± 5.0 *
12.7 ± 5.1 *
0.003
All Players
12.0 ± 5.6
14.5 ± 6.1
<0.001
Number of impacts
Defence
0.4 ± 0.7
1.9 ± 1.9
<0.001
Forwards
0.9 ± 5.8
3.2 ± 2.7 *
<0.001
All Players
0.7 ± 4.8
2.7 ± 2.5
<0.001
Data are presented as means ± SD. P-values represent comparisons of means between males and females
within the same position. *, represents a significant difference between defence and forwards (p<0.05).

5.5 DISCUSSION
This study used a LPS to quantify the external load of female and male ice hockey players
during regular season games. The main findings included that i) both female and male players had
high external load measures during regular season games when compared to other ice hockey
research, ii) in-game LPS-derived measures of external load were greater in males compared to
females, iii) both female and male forwards had greater external load at higher intensities, while
defence had greater external load at lower intensities, and iv) relative speed zones allowed for an
adjustment of skating distance intensities for an individualized approach of measuring external
load specific to sex and position.
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5.5.1 External Load of Female and Male Ice Hockey Players
As expected, most external load measures differed between females and males. In fact, all
differences suggest that males had a higher external load than females during regular season
games. Peak skating speeds for males (defence: 30.15 ± 1.68 km/hr; forwards: 31.73 ± 5.0 km/hr)
and females (defence: 28.52 ± 1.74 km/hr; forwards: 28.82 ± 1.39 km/hr) were greater than the
peak speeds (defence: 24.9 ± 5.0 km/hr; forwards: 26.9 ± 5.0 km/hr) reported in elite junior U20
Canadian players (Douglas and Kennedy 2020).
Similarly, even though males (defence: 5617 ± 1441 m; forwards: 5250 ± 1828 m) skated
farther than females (defence: 5154 ± 1144 m; forwards: 4206 ± 1037), skating distances for both
sexes were greater than or comparable to those reported in other studies. In-game skating distances
have been reported as 4606 ± 219 m in national hockey league players (Lignell et al. 2018), 4002
± 787 and 3681 ± 1058 m in elite junior U20 Canadian male defence and forwards (Douglas and
Kennedy 2020), and 5980 ± 199 m in elite junior Danish U20 male players (Vigh-Larsen et al.
2020). Skating transitions and turns in defence were two measures that did not differ between
females and males, outlining the importance of position-specific attention regardless of sex.
One consideration is that both teams in the current study competed on Olympic-size ice,
which may have allowed for different external loads than other ice surfaces. Given the difference
in anthropometrics, physiology, and sport rules between sexes, different external loads during
games were expected (Hunter 2014). However, it is important to note that even though female’s
external load was lower, their skating speeds and distances are still very high when compared with
those reported in other studies (Lignell et al. 2018; Douglas and Kennedy 2020; Vigh-Larsen et al.
2020). This study adds to the limited external load data for ice hockey players and was the first
study to report LPS-derived skating speed and distance in games for female players. This data
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offers the workload for female players during games and the necessity for specific training to
prepare for optimal performance during games.

5.5.2 External Load of Defence and Forwards
Defence had a greater external load when considering skating distance (only females),
accumulative acceleration load and number of accelerations, decelerations, turns (only females),
skating transitions, and direction changes. However, male forwards had greater peak speed,
acceleration, and deceleration. Similar to the present study, previous research has outlined that
defence had greater duration or distance of external load (Lignell et al. 2018), but forwards
typically had greater intensities of external load. A study using IMU to measure external load for
elite female practices and games reported greater PlayerLoad and explosive efforts in forwards
when compared to defence (Douglas et al. 2020). Additionally, a separate study examining the
same population reported that explosive ratio and percentage of high force strides were greater in
wins compared to losses for forwards only (Douglas et al. 2019a). Further research investigating
this relationship using LPS measures may be attractive when considering athlete load and
performance outcomes.
The results from the current study show that both female and male forwards have a greater
external load at higher intensity skating, while defence have a greater external load at lower
intensity skating and in several other LPS metrics (both absolute and relative zones). Studies
investigating male players have reported forwards skating at higher intensities during elite junior
and NHL games (Lignell et al. 2018; Douglas and Kennedy 2020). While AHL defence were
shown to train at a greater relative intensity, forwards had a greater intensity of external load during
AHL games, with overall load in the game similar between positions (Allard et al. 2020). Based
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on these results, and the consistent positional differences identified, strategies should attempt to
develop position-specific training loads to maximize preparation for games.

5.5.3 Skating Distance in Absolute vs Relative Speed Zones as a Measure of External Load
The most important measure of external load in ice hockey is not yet known, but several
measures should likely be considered so that workload and performance can be examined
separately. Workload considering skating distance in speed zones of various thresholds includes a
reasonable measure of intensity like internal load measures that use heart rate zones as a measure
of intensity. As expected, skating distances were different between absolute and relative speed
zones.
While current speed thresholds adapted from other team sports have provided the ability
for preliminary investigation of this measure (Lignell et al. 2018), the sex and positional external
load differences highlighted above outline the importance of taking an individualized approach.
Research in rugby has suggested that this method may account for differences in fitness levels or
positional game requirements, optimizing preparation and avoiding under- or overtraining that
may affect performance or risk of injury (Clarke et al. 2015; Reardon et al. 2015; Gabbett 2016;
Takamori et al. 2020; Nyman and Spriet 2021). However, more research is needed to investigate
the exact intensity thresholds that should be used. Regardless, using the peak speed from players
during game play in the regular season allowed for an individualized measure of skating distance
in speed zones and one that is more appropriate for understanding the different in-game demands
for individuals of difference sex and position when monitoring external load.
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5.5.4 Conclusion
This was the first study to report LPS-derived external load for female ice hockey players
in games and compare this data to male ice hockey players. It was determined that while all players
in the study had a high external load during regular season games, the external load was greater in
males compared to females. Results showed that forwards have a greater external load at higher
intensities and defence have a greater external load at lower intensities. Lastly, given the
differences in external load between sexes and positions, relative measures of external load should
be considered to provide an individualized approach to athlete load monitoring and specific
training to prepare for optimal fitness and performance during games.
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CHAPTER 6:
Using a local positioning system to measure player external load during an overtime game
in men’s varsity ice hockey

Alexander SD Gamble, Jessica L Bigg, Lawrence L Spriet. Will be submitted to Journal of
Strength and Conditioning Research in June/July, 2021.
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6.1 ABSTRACT
This study quantified player statistics and local positioning system (LPS) external load
metrics during a male varsity ice hockey game across three periods of regulation time (60 min)
and two additional periods of overtime (40 min) for positions and all players. The external load of
15 male ice hockey players (6 defence, 9 forwards; 22.0 ± 0.9 yrs, 84.1 ± 4.6 kg, 181.2 ± 4.4 cm)
was measured during a provincial championship game using a LPS. LPS metrics included skating
distance, peak skating speed, peak acceleration and deceleration, and number of accelerations,
decelerations, sharp turns, wide turns, skating transitions, changes of direction, and impacts. Ingame player statistics (time-on-ice, number of shifts, shift length, shots-on-net, bodychecks
delivered, blocked shots) were also recorded through video analysis. Results showed that there
was a greater number of shifts and shorter average shift lengths in period 4 compared to other
periods (p<0.048). The mean skating distance was 6248 ± 1500 m in the first three periods and
4408 ± 1143 in the 2 overtime periods and most measures of external load were maintained.
Forwards had greater peak skating speed and skated farther than defence in high-intensity speed
zones (>21 km/hr) in most periods and the entire game (p<0.048). This study measured novel and
objective LPS-derived external load information during an extended men’s varsity ice hockey
game. There were no decreases in players’ external load in the third period or the two overtime
periods, suggesting a high level of fitness in these varsity athletes.

Key words: Team Sport; Game Analysis; Technology; Performance
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6.2 HIGHLIGHTS
-

Local positioning systems allow for player tracking in indoor sports, similar to those
provided by global positioning systems outdoors. It can be used to quantify the external
load of ice hockey players.

-

Local positioning system metrics indicated that players were able to maintain their high
external load throughout the extended game (5 periods), suggesting that their preparation,
training, and nutritional fueling was sufficient.

-

Forward players had greater peak skating speed and skated farther in high-intensity speed
zones than defence in most periods and the entire game.

6.3 INTRODUCTION
Ice hockey is a team sport that requires repeated high-intensity exercise bouts of skating,
physical contact, and highly tactile skill, separated by short periods of recovery (Montgomery
1988; Cox et al. 1995; Vigh-Larsen et al. 2020). Research investigating ice hockey has examined
player characteristics and fitness (Montgomery 2006; Burr et al. 2008), nutrition and hydration
(Bigg et al. 2019; Gamble et al. 2019), and risk of injuries and concussions (McKay et al. 2014;
Black et al. 2017; Gamble et al. 2020) common to this intense stop-and-go sport. However, limited
research has attempted to quantify the players’ physiological demands (workload) in ice hockey.
Until recently, information examining the external workload of ice hockey players relied
on subjective and time-consuming methods such as time-motion and video analysis (Dobson &
Keogh 2007; Dellaserra et al. 2014). Over the past few years, there have been several attempts to
measure external load in ice hockey using wearable technology such as surface electromyography,
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timing gates, and accelerometers (Buckeridge et al. 2015; Van Iterson et al. 2017; Douglas et al.
2019a, b, 2020; Link et al. 2019; Allard et al. 2020; Stetter et al. 2020; Vigh-Larsen et al. 2020).
While IMU devices can provide information pertaining to external load using machine
learning algorithms (acceleration load, PlayerLoad, skating load, and explosive efforts) (Douglas
et al. 2019a), they are unable to provide positional, and indirectly speed and acceleration,
information that can be collected with outdoor global positioning systems (GPS). Newly developed
local positioning systems (LPS) have been able to provide GPS-like measures that were otherwise
restricted when collecting data for indoor sports. Furthermore, LPS has been validated in several
situations when compared to GPS, video x and y coordinate position, and an infra-red camera
system (Bastida-Castillo et al. 2018, 2019a, b; Hoppe et al. 2018; Luteberget et al. 2018).
Most recently, three studies using LPS in ice hockey have provided on-ice player tracking
information that can provide initial external load demands, including on-ice position, distance,
speed, and acceleration, that players are subjected to during ice hockey practices and games
(Lignell et al. 2018; Link et al. 2019; Vigh-Larsen et al. 2020). Additionally, studies examining
internal and external load have reported differences in load when comparing periods and positions.
External loads were higher in the first period compared to the third period when measuring external
load with video analysis in National Hockey League (NHL) players (Link et al. 2018)
accelerometry in elite female and American Hockey League (AHL) players (Douglas et al. 2019a;
Allard et al. 2020), and LPS in elite junior Danish and Canadian U20 male players (Douglas et al.
2020; Vigh-Larsen et al. 2020). It has also been reported that forwards have greater intensity of
external load than defence (Lignell et al. 2018; Douglas et al. 2019b; Allard et al. 2020; Douglas
& Kennedy 2020).
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Given the limited research available in select populations, more research is needed to
quantify the external load of ice hockey in different levels of play, game situations, and in both
sexes, to progress research examining optimal player health and performance. Therefore, the
purpose of this study was to quantify and compare player statistics and novel LPS external load
metrics during the unique environment of a male varsity ice hockey championship (overtime) game
across three periods of regulation time (60 min) and two additional periods of overtime (40 min)
for positions and all players. Although this is the first study of its kind for a varsity population in
a game of this magnitude, it was hypothesized that changes in LPS metrics would reveal a decrease
in external load in period 3 vs period 1, with further decreases in the overtime periods 4 and 5. It
was also hypothesized that forwards would have greater intensity of external load when compared
to defence.

6.4 METHODS
6.4.1 Subjects
Fifteen male ice hockey players from a Canadian University participated in this research
during a provincial championship game. The mean (± SD) age, body mass, and height of the
subjects were 22.0 ± 0.9 yrs, 84.1 ± 4.6 kg, and 181.2 ± 4.4 cm, respectively. The analysis of
results focused strictly on 6 defence and 9 forwards with regular playing time. Players were
informed of all protocols, requirements, and risks, both verbally and in writing, prior to obtaining
oral and written consent. The study was part of a longitudinal athlete surveillance study approved
by the research ethics board at the University of Guelph (REB #: 19-03-001).
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6.4.2 Study Design
All data were collected for a single playoff championship game during the 2019-2020
Ontario University Athletics (OUA) season, which included three regulation and two overtime
periods (20 min each). Player statistics were recorded through analysis of video captured by the
OUA. On-ice player tracking measures (external load) were collected using an ultra-wideband LPS
(Kinexon, Munich, Germany).

6.4.3 Methodology
6.4.3.1 Player Statistics
Video analysis was used to determine time-on-ice (TOI), number of shifts, shift length,
shots-on-net, bodychecks delivered, and blocked shots. TOI and shift length were recorded for all
players using a stopwatch and the remaining measures were manually tabulated.

6.4.3.2 LPS On-ice Player Tracking
The LPS incorporated specific local network access, one Power over Ethernet switch and
one server (located in the media booth), 16 anchors (secured to the rafters), and one sensor for
each participant (secured in a patch on the posterior side of the shoulder pads near the superior 1/3
of the scapula) (Figure 1). Each sensor was also equipped with an accelerometer (measures specific
force/acceleration), a gyroscope (measures angular velocity), and a magnetometer (provides
orientation with respect to magnetic north and south). Communication between anchors and the
player sensors (though ultra-wideband channels ranging from 3244.88-4742.40 MHz) allowed for
collection of real-time data, which was then transmitted to the server via hardwired connection.
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Using the local network, the LPS platform and data (sampling rate of 20 Hz) could be retrieved on
a secure computer or tablet.

[See Figure 1 in Chapter 4]
Figure 1. Schematic diagram outlining the location of one server and 16 anchors that allow for
on-ice player tracking during games and practices using an ultra-wideband local positioning
system (Kinexon, Munich, Germany).

Definitions of external load LPS metrics were adapted from One & Media - KNX ONE
Hockey Metrics (Kinexon, Munich, Germany). The metrics recorded during the game/periods
included, i) skating distance: distance covered based on changes in on-ice position (total and
separated into specific speed zones based on previous ice-hockey literature (Lignell et al. 2018;
Douglas & Kennedy 2020), ii) peak skating speed: maximum instantaneous speed based on
changes in on-ice position and time, iii) peak acceleration: maximum instantaneous acceleration
based on changes in on-ice speed and time, iv) peak deceleration: maximum instantaneous
deceleration based on changes in on-ice speed and time, v) number of accelerations and
decelerations: frequency of player accelerations and decelerations >|2 m/s2|, vi) sharp (turn radius
<2 m) and wide (turn radius >2 m) turns, vii) skating transitions: number of transitions from
forward-to-backward or backward-to-forward skating, viii) number of changes of direction:
frequency of changes in on-ice motion direction following a deceleration and prior to an
acceleration, and ix) number of impacts: frequency of collisions (triggered by a G force >3 g on
the sensor) with the ice, boards, or another player.
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6.4.4 Statistical Analysis
All data are presented as the mean ± SD or as counts and were analyzed using STATA/IC
15.0 software (College Station, TX) and SPSS version 26 (Armonk, NY). Q-Q plots were used to
visually confirm normality. All data reported as counts are presented as descriptive and
background information. A one-way repeated measures analysis of variance with a Bonferroni
correction for multiple comparisons tests was used to compare all means of in-game statistics and
on-ice player tracking LPS metrics across the 5 full periods of the game within defence, forwards,
and all players. The Greenhouse-Geisser correction was used in the event that Mauchly's test of
sphericity was violated. Unpaired two-sample t tests were used to compare measures between
defence and forwards within each full period separately and the entire game. Statistical
significance was determined by p<0.05.

6.5 RESULTS
6.5.1 Player Statistics
Player TOI ranged from 1094 to 2682 s for the entire game, while TOI in distinct
periods ranged from 166 to 649 s. There were no significant differences between periods (p=0.137)
or positions (p>0.328) (Table 1). The number of shifts ranged from 3 to 11 within periods and 24
to 50 for the entire game, while shift lengths ranged from 32 to 70 s. There were significant
differences in average number of shifts for defence [F(4,20) = 4.577, p=0.009], forwards [F(4,32)
= 4.732, p=0.004], and all players [F(4,56) = 6.94, p<0.001] across periods (Table 1). Defence had
more shifts in periods 1 and 4 vs period 3 (p<0.042), and forwards (all p<0.033), and all players
(all p<0.008) had more shifts in period 4 vs periods 2, 3, and 5. Similarly, average shift length was
significantly different for defence [F(4,20) = 5.061, p=0.006], forwards [F(4,32) = 3.002,
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p=0.033], and all players [F(4,56) = 5.67, p=0.001] across periods (Table 1). Defence had greater
average shift lengths in period 3 vs 1 (p=0.005), forwards had greater average shift lengths in
period 5 vs 4 (p=0.048), and all players had greater average shift lengths (all p<0.028) in periods
3 and 5 vs 1, and period 4 vs 3. Defence also had greater average shift lengths than forwards in
periods 3 (p<0.001) and 4 (p=0.049).

Table 1. Player statistics across periods and positions identified using video analysis.
Period 1

Period 2

Period 3

Period 4

Period 5

Game Total

Defence

367 ± 115

374 ± 110

380 ± 153

405 ± 202

383 ± 151

1925 ± 727

Forwards

345 ± 70

391 ± 81

374 ± 41

397 ± 28

388 ± 61

1923 ± 215

All Players

354 ± 87

384 ± 90

376 ± 97

400 ± 123

386 ± 101

1924 ± 464

Defence

8.5 ± 2.3 b

7.0 ± 1.9

6.7 ± 2.9 b

8.3 ± 3.4

7.3 ± 2.3

39.0 ± 12.1

Forwards

8.2 ± 1.8

7.9 ± 1.2 b

8.1 ± 1.1 b

9.7 ± 0.7

7.8 ± 1.0 b

42.3 ± 4.1

All Players

8.3 ± 1.9

7.5 ± 1.5 b

7.5 ± 2.0 b

9.1 ± 2.2

7.6 ± 1.6 b

41.0 ± 8.0

Time-on-ice (sec)

Number of shifts

Average shift length (sec)
Defence

43.1 ± 6.1 a

53.1 ± 6.2

58.6 ± 7.1

47.9 ± 8.8

51.1 ± 5.8

48.6 ± 4.9

Forwards

41.5 ± 7.3

50.2 ± 12.4

46.3 ± 1.3 p

41.2 ± 3.2p

49.8 ± 4.7 b

45.4 ± 2.5

42.1 ± 6.7a,c

51.4 ± 10.2

51.2 ± 8.1 b

43.9 ± 6.7

50.3 ± 5.0

46.7 ± 3.8

All Players

Shots-on-net by all players
Defence

2

2

3

2

2

11

Forwards

4

7

6

8

2

27

All Players

6

9

9

10

4

38

1

4

1

3

10

Bodychecks delivered by all players
Defence

1

81

Forwards

14

3

6

8

3

34

All Players

15

4

10

9

6

44

Shots blocked by all players
Defence

1

0

5

2

3

11

Forwards

1

2

2

1

5

11

All Players

2

2

7

3

8

22

Data are presented as mean ± SD or counts. Data presented as counts were shown for all 6 defence, 9
forwards, or 15 players. a, represents a difference from period 3, b, represents a difference from period 4,
c
, represents a difference from period 5, and p, represents a statistical difference between defence and
forward within a specific period or the entire game (p<0.05).

Video analysis of the game displayed that of the 38 shots taken by players on the opposing
team’s net, one player took none and two players took 7 shots (Table 1). Three players delivered
no bodychecks and one player delivered 10 bodychecks, while 4 players blocked no shots and
three players blocked three shots.

6.5.2 LPS External Load Measures
There were no significant differences in total skating distance (ranging from 5997 to 14315
m for individual skating distance during the entire game) between positions (p>0.158) or periods
(p>0.065). Total skating distances were 2110 ± 464, 2126 ± 490, 2012 ± 614, 2315 ± 649, and
2093 ± 549 m for periods 1-5, and 10013 ± 3619, 11454 ± 1751, 10878 ± 2639 m for defence,
forwards, and all players, respectively. The average skating distance was 6248 ± 1500 m in the
first three periods and 4408 ± 1143 in the last 2 periods.
When examining skating distances in specific speed zones, skating distance was
significantly different for forwards [F(4,32) = 4.988, p=0.003] and all players (F(2.45,34.30) =
4.878, p=0.009) in the very slow speed zone (1.0-10.9 km/hr) (Figure 2). Forwards skated farther
in period 4 vs periods 1 (p=0.007) and 5 (p=0.006), and all players skated farther in period 4 vs
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periods 3 (p=0.034) and 5 (p=0.003) in the very slow speed zone. Forwards also skated
significantly farther [F(4,32) = 4.109, p=0.008] in the slow speed zone (11.0-13.9 km/hr) in period
4 vs 5 (p=0.014).
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Positional differences included defence skating farther than forwards in the very slow
speed zone in period 1 (p=0.036), forwards skating farther in the fast speed zone in period 2
(p=0.041), period 3 (p=0.048), and the entire game (p=0.043), forwards skating farther in the very
fast speed zone (21.0-24.0 km/hr) in all periods (p<0.010) and the entire game (p<0.001), and
forwards skating farther in the sprint speed zone (>24.0 km/hr) in all periods (p<0.014) and the
entire game (p<0.001) (Figure 2).
Peak skating speeds ranged from 29.55 to 34.64 km/hr during the game, with greater speeds
for forwards in periods 1-4 and the entire game (p<0.046) (Table 2). Peak acceleration (range of
3.87 to 4.95 m/s2), peak deceleration (-7.49 to -5.37 m/s2), number of accelerations (44 to 131),
and number of decelerations (86 to 161) were not significantly different when comparing periods
(p>0.068). However, peak deceleration was greater for forwards in periods 1 (p=0.019), 2
(p=0.030), and the entire game (p=0.037), and forwards had more decelerations in period 4
(p=0.032), when compared to defence.
As shown in Table 2, there were no consistent differences in sharp turns, wide turns, skating
transitions, direction changes, and impacts when comparing periods, apart from differences in
sharp turns for defence [F(4,20) = 6.323, p=0.002], forwards [F(4,20) = 2.731, p=0.046], and all
players [F(4,56) = 5.013, p=0.002]. Defence had significantly more sharp turns in period 2 vs 4
(p=0.021), and forwards (p=0.037) and all players (p=0.001) had significantly more sharp turns in
period 1 vs 5. Positional differences included more sharp turns for defence in period 2 (p=0.011),
more wide turns for forwards in periods 3-5 (p<0.026) and the entire game (p=0.021), and more
skating transitions for defence in periods 1 (p=0.020), 2 (p=0.006), 4 (p=0.047), and the entire
game (p=0.020). There were no significant differences in the changes of direction or impacts
between periods (p>0.073) or positions (p>0.249).
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Table 2. Local positioning system measured external load metrics across periods and playing
positions.
Period 1

Period 2

Period 3

Period 4

Period 5

Game Total

Peak speed (km/hr)
Defence

28.75 ± 1.99

29.86 ± 1.53

29.19 ± 0.71

28.63 ± 2.12

29.40 ± 2.83

31.54 ± 1.10

Forwards

31.25 ± 1.51 p

31.39 ± 1.64 p

31.66 ± 1.96 p

30.91 ± 1.51 p

31.02 ± 1.45

32.88 ± 1.29 p

Total

30.25 ± 2.08

30.78 ± 1.72

30.67 ± 2.20

29.99 ± 2.06

30.37 ± 2.18

32.35 ± 1.36

Peak acceleration (m/s2)
Defence

3.76 ± 0.32

3.77 ± 0.40

3.73 ± 0.20

3.74 ± 0.59

3.81 ± 0.54

4.14 ± 0.34

Forwards

3.91 ± 0.50

3.99 ± 0.40

3.78 ± 0.37

4.10 ± 0.51

3.69 ± 0.43

4.30 ± 0.35

All Players

3.85 ± 0.43

3.90 ± 0.40

3.76 ± 0.31

3.96 ± 0.55

3.74 ± 0.46

4.23 ± 0.34

Number of accelerations (>2 m/s2)
Defence

19.2 ± 7.1

16.2 ± 5.8

15.5 ± 7.4

14.2 ± 5.7

14.0 ± 7.4

79.7 ± 24.2

Forwards

16.4 ± 4.3

19.4 ± 6.3

16.1 ± 6.4

19.1 ± 5.6

16.2 ± 6.1

89.0 ± 24.0

All Players

17.5 ± 5.5

18.1 ± 6.1

15.9 ± 6.6

17.1 ± 6.0

15.3 ± 6.5

85.3 ± 23.7

Peak deceleration (m/s2)
Defence

-5.17 ± 0.36

-4.84 ± 0.48

-5.15 ± 0.92

-4.99 ± 0.65

-5.27 ± 1.25

-6.13 ± 0.52

Forwards

-6.13 ± 0.81 p

-5.56 ± 0.72 p

-5.77 ± 0.63

-5.78 ± 0.93

-5.36 ± 0.82

-6.72 ± 0.46 p

All Players

-5.74 ± 0.81

-5.33 ± 0.74

-5.52 ± 0.79

-5.46 ± 0.90

-5.32 ± 0.97

-6.49 ± 0.55

Number of Decelerations (>2 m/s2)
Defence

26.5 ± 6.8

21.8 ± 4.0

22.0 ± 3.7

15.3 ± 8.4

18.5 ± 9.6

105.7 ± 17.5

Forwards

23.1 ± 6.2

25.7 ± 8.9

22.8 ± 4.1

22.6 ± 5.5 p

21.3 ± 5.0

117.0 ± 23.4

All Players

24.5 ± 6.4

24.1 ± 7.4

22.5 ± 3.8

19.7 ± 7.4

20.2 ± 7.0

112.5 ± 21.3

Number of sharp turns
Defence

4.5 ± 1.8

3.8 ± 1.2 b

2.3 ± 2.3

1.3 ± 1.6

1.5 ± 1.8

13.8 ± 6.1

Forwards

3.4 ± 1.9 c

1.7 ± 1.5 p

3.0 ± 2.7

2.3 ± 1.7

1.0 ± 1.3

11.7 ± 4.9
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All Players

3.9 ± 1.8 c

2.5 ± 1.7

2.7 ± 2.5

1.9 ± 1.7

1.2 ± 1.5

12.5 ± 5.4

Number of wide turns
Defence

21.2 ± 5.8

18.7 ± 7.8

13.8 ± 7.3

15.7 ± 10.2

14.8 ± 8.7

84.7 ± 34.5

Forwards

26.1 ± 8.1

25.0 ± 8.9

24.3 ± 7.4 p

30.1 ± 6.6 p

28.0 ± 13.2 p

136.6 ± 38.3 p

All Players

24.1 ± 7.4

22.5 ± 8.8

20.1 ± 8.9

24.3 ± 10.8

22.7 ± 13.1

116.2 ± 43.9

Number skating transitions
Defence

33.7 ± 10.7

30.7 ± 8.3

35.5 ± 19.8

32.7 ± 15.9

22.3 ± 11.6

157.3 ± 58.0

Forwards

20.1 ± 9.0p

18.0 ± 6.5 p

20.7 ± 8.0

20.6 ± 9.7 p

17.0 ± 5.8

97.3 ± 30.2 p

All Players

25.4 ± 13.5

23.1 ± 9.5

26.6 ± 17.7

25.4 ± 13.5

19.1 ± 8.6

121.3 ± 51.5

Number of direction changes
Defence

5.8 ± 2.9

6.1 ± 2.6

4.8 ± 2.1

4.7 ± 2.3

5.0 ± 3.8

26.7 ± 10.5

Forwards

5.0 ± 2.4

3.9 ± 2.9

5.6 ± 1.9

5.1 ± 3.1

3.7 ± 2.4

23.7 ± 7.8

All Players

5.3 ± 2.6

4.8 ± 2.9

5.3 ± 1.9

4.9 ± 2.7

4.2 ± 3.0

24.9 ± 8.7

Number of impacts
Defence

1.5 ± 1.0

0.5 ± 0.5

1.5 ± 1.9

1.0 ± 1.3

1.0 ± 1.1

5.5 ± 2.7

Forwards

2.0 ± 1.8

1.0 ± 1.0

1.9 ± 1.6

1.6 ± 2.1

1.9 ± 1.4

8.6 ± 5.1

All Players

1.8 ± 1.5

0.8 ± 0.9

1.7 ± 1.7

1.3 ± 1.8

1.5 ± 1.3

7.3 ± 4.5

Data are presented as mean ± SD. b, represents a difference from period 4, c, represents a difference from
period 5, and p, represents a statistical difference between defence and forward within a specific period or
the entire game (p<0.05).

6.6 DISCUSSION
The purpose of this study was to quantify and compare player statistics and novel LPS
external load metrics during the unique environment of a male varsity ice hockey championship
(overtime) game across three periods of regulation time (60 min) and two additional periods of
overtime (40 min) for positions and all players. Main findings included that; i) the average skating
distance for all players was 6248 ± 1500 m in the first three periods and maintained at 4408 ± 1143
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in the two overtime periods, ii) LPS metrics indicated that external load was maintained throughout
the entire 5 periods of the game by defence and forwards, and iii) forwards had greater peak skating
speed and skated farther in high-intensity speed zones (>21 km/hr) than defence in most periods
and the entire game.

6.6.1 Total Skating Distance and Skating Distance in Speed Zones
Given the unique situation of a championship game that lasted 5 full periods of ice hockey
(100 min), differences between periods because of potential coaching adjustments, specific game
situations, or player fatigue, would be expected. LPS metrics in this study revealed that skating
distance was maintained in the first three periods and in periods 4 and 5 in both defence and
forwards. The average skating distance in the first three periods was 6248 ± 1500 m, which was
comparable to another study that reported that elite junior Danish U20 players skated ~6 km during
a simulated ice hockey game (Vigh-Larsen et al. 2020). Other studies reported average skating
distances of ~4 and 3.7 km during 5 international games for defence and forwards of elite junior
U20 Canadian players and ~4.6 km in an NHL game (Lignell et al. 2018; Douglas & Kennedy
2020). However, these lower skating distances were likely due to including some players who
would not have participated in regular shifts.
Based on speed thresholds previously outlined in ice hockey (Lignell et al. 2020), 45% of
the players’ skating was in the high-intensity skating zones (>17 km/hr) in the present study. This
was slightly less than the ~50% of skating in the top three high-intensity skating zones (>17 km/hr)
reported in two other ice hockey studies in elite-level junior players (Douglas & Kennedy 2020;
Vigh-Larsen et al. 2020). Our results were more comparable with those reported in an in-season
NHL game (~44% skating was considered high-intensity) determined by a portable multiple-
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camera computerized tracking system (Lignell et al. 2018). Skating distance in different speed
zones provides a valuable external load measure given the differences in workload intensity when
skating the same distance in a slow vs. fast speed zone. Including a measure of intensity in skating
distance can provide an estimate of how hard a player is working, similar to internal load measures
that consider heart rate zones and training impulse. Future research should consider using peak
practice or game speed to determine individualized thresholds, given that rugby research has
reported that individualized speed thresholds may be more appropriate when measuring external
load (Reardon et al. 2015; Takamori et al. 2020).

6.6.2 Period Differences
Contrary to the hypothesis that external load would decrease as the game went on, there
were no major changes in LPS external load measures across periods. Small differences between
periods were only identified for turns and skating distance in very slow and slow speed zones, and
there was no indication of a reduction or change in external load throughout the first three periods
or in periods 4 and 5. Previous ice hockey research reported higher external loads in the first period
compared to the third period when measuring external load with video analysis (Lignell et al.
2018), accelerometry (Douglas et al. 2019a; Allard et al. 2020), and LPS (Douglas & Kennedy
2020; Vigh-Larsen et al. 2020).
Sprint skating speeds were reportedly lower in period 3 and 4 (overtime) vs period 1 and 2
in NHL players (Lignell et al. 2018). PlayerLoad (only defence), skating load, explosive efforts,
and explosive ratio (defence and forwards) all had moderate differences across periods in elite
female ice hockey players, with decreased averages from period 1 to period 3 (Douglas et al.
2019a). Relative load was greater in the first period and relative intensity was lower in the third
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period in AHL players (Allard et al. 2020). Lastly, there were less accelerations and decelerations
in the second and third periods in elite junior Danish U20 male players (Vigh-Larsen et al. 2020),
and skating in very fast (only defence) and sprint speed zones (defence and forwards) were
decreased from period 1 to period 3 in elite junior Canadian U20 male players (Douglas &
Kennedy 2020).
Given the game’s high intensity, length, and championship implications, it would have
been reasonable to speculate that workload decreases may occur later in the game due to fatigue.
However, this was also a season-deciding game, where players were maximizing effort with their
season on the line. Players participated in daily practices and weekly games throughout the season,
which allowed for an evidently high fitness level that allowed them to maintain their workload
throughout the game. Additionally, players were provided with water, sports drink, and
carbohydrate rich snacks throughout the periods and intermissions to fuel, maintain performance
and limit fatigue throughout the extended game.

6.6.3 Positional Differences
As previously mentioned, most differences in LPS measures occurred between positions.
Forwards not only had significantly higher peak speeds in 4 of 5 periods and the entire game, but
they also skated farther at higher speeds, when compared to defence. Several other studies have
also reported similar positional differences (defence vs forwards). Douglas et al. (2019b) reported
that forwards had greater PlayerLoad, training impulse, and explosive efforts in both training and
competition for world-class women’s ice hockey. Forwards also had more skating at high-intensity
speeds during elite junior male ice hockey and NHL games (Lignell et al. 2018; Douglas &
Kennedy 2020). AHL forwards also had more high-intensity external load during games (Allard
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et al. 2018). Although, defence spent more time on the ice (47%), had greater total skating distance
(29%) (Lignell et al. 2018), and trained at a higher relative intensity (Allard et al. 2020). Although
many LPS metrics in Table 2 did not reach significance, several averages appeared to be trending
higher in forwards than defence. Lastly, defence had more skating transitions than forwards, which
may be expected given their need for pivoting from forwards-to-backwards skating or vice versa
during their game play.

6.6.4 Practical Applications
This study objectively quantified the most important game of the year for male varsity ice
hockey players using the most advanced player-tracking technology available. Most importantly,
this information provides novel information regarding the workload of ice hockey players during
a game, while also providing results for comparison with the limited number of other studies
available in this area. Availability of this information allows players, coaches, and researchers to
adapt and target position-specific training methods to ensure that players can optimize
performance and maintain health during practices and games. Usefulness of these LPS metrics
range from monitoring load, to tracking progress, to creating baselines for players as they return
from injury or offseason. The high cost and potential lack of access to this technology is not
underestimated. However, using these opportunities to measure external load allows for
comparison with traditional measures so that potential relationships can be identified for situations
where LPS is not feasible. This study also outlines that one major benefit of ice hockey is the
opportunity between shifts and periods to provide nutritional fuel to the body with food and fluid,
as the players in this study were able to maintain their external load, even during an extended
game. Given that ice hockey is a high intensity sport that uses both anaerobic and aerobic energy
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systems and the primary fuel source is carbohydrates, fueling properly will give players the best
opportunity to maintain workloads and optimize recovery (Vigh-Larsen et al. 2020).

6.6.5 Conclusions
This was the first study to measure the external load of ice hockey players using wearable
LPS technology in the unique setting of a championship overtime game lasting 5 full periods (100
min). It was determined that players had extremely high external load, given the mean skating
distance was 6248 ± 1500 m in the first three periods and 4408 ± 1143 in the last 2 periods of the
game. Few differences in LPS measures when comparing periods outlined that players were able
to maintain their workload throughout the extended game. The main positional differences
revealed that forwards had higher peak speed in most periods and the entire game. Forwards also
skated farther at higher speeds >24 km/hr throughout the game when compared to defence. The
ability of the players to maintain effort/intensity during this extended overtime game was
impressive, and suggests that their preparation, training, and nutritional fueling contributed to the
maintenance of these high external loads.
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CHAPTER 7:
Integrative Discussion
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7.1 Introduction
The main purpose of this thesis was to measure the external load of female and male varsity
ice hockey players during games using a LPS. To achieve this, it was imperative to ensure that the
LPS being used was reliable and valid before considering on-ice load. Therefore, the first purpose
of this thesis was to determine the reliability and validity of the LPS during an on-ice practice by
having players wear two sensors from the same system and compare speed and acceleration
measures to previously validated robotic sprint technology. The second purpose was to quantify
and compare LPS-derived external load measures between female and male players, defence and
forward players, and in skating distances in absolute and relative speed zones during regular season
games. Lastly, the final purpose of the thesis included measuring the external load of male ice
hockey players during an extended championship game using a LPS. This chapter will discuss the
main findings from this research, relate new findings to existing literature, discuss the limitations
of this research, and provide practical applications and future directions for ice hockey research
based on these results.

7.2 Reliability and Validity of the Kinexon LPS in Ice Hockey
7.2.1 Wearable Technology
Wearable technology has allowed for the quantification of athlete workload, replacing
more traditional measures that have limited metrics and are subjective and time-consuming (Barris
& Button 2008; Dellaserra et al. 2014; Dobson & Keogh 2007). However, without considering the
reliability and validity of the technology being used, the data and conclusions should be questioned
and used cautiously.
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IMU devices are currently the most popular choice of wearable technology used to measure
external load in athletes, due to the reasonable cost and use in both indoor and outdoor settings
(Crang et al. 2020). The sum of changes in accelerations in three planes (x, y, z axes) is used to
determine athlete load in arbitrary units (Boyd et al. 2011; Cardinale & Varley 2017). While many
accelerometers have shown strong reliability and positive associations with internal load measures
(McLaren et al. 2018), examining the validity of these devices is problematic due to measures
being reported in arbitrary units.
Research in field and outdoor sports can use GPS, which provides many additional
measures for consideration when measuring external load (Bourdon et al. 2017; Cardinale &
Varley 2017; Crang et al. 2021). Based on positional data, distance, velocity, acceleration, and
deceleration can be measured, in addition to those provided by IMU. While this technology can
only be used outdoors, LPS allows for the setup of local networks so that GPS-like metrics can
be measured in indoor sports. However, determining the validity of these devices is often very
challenging because there is currently no true “gold standard” and it is very likely that GPS and
LPS are the most accurate and realistic methods for measuring external load in a practical
setting. Comparing this technology to previously validated or at least accepted technology may
be the best way of examining its validity.

7.2.2 Reliability
Given that all player tracking systems are a bit different, it was important to examine the
Kinexon LPS specifically to determine its reliability. The present research examined the reliability
of the Kinexon LPS by having players wear two sensors during the same ice-time so that measures
could be compared. LPS-derived TOI, skating distance, peak speed, average speed, peak
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acceleration, peak deceleration, accumulative acceleration load, turns, and skating transitions were
reliable between two LPS sensors being worn by the same player. While number of accelerations
and decelerations, and changes of direction showed weaker reliability based on CVs, the ICCs for
changes of direction and number of decelerations were still considered to have very high and
moderate reliability, respectively.
A strength of this method was that players could complete trials once and have two
measures taken, rather than trying to complete the same trial twice in the exact same manner, which
has been outlined as a limitation in the literature (Crang et al. 2021). Another limitation outlined
in the literature is the reduced reliability with short and sudden changes in velocity (Buchheit et
al. 2014; Rhodes et al. 2014; Luteberget et al. 2018). While some measures in the current study
would suggest the same conclusion, the LPS used in this research has a sampling rate of 20 Hz,
which is the highest available sampling rate at this time. As technology improves and more options
become available, it will be important to revisit this topic to ensure optimal reliability, especially
with this technology being used to monitor load of the same sample of individuals in multiple
sessions. Regardless, this LPS provided strong reliability of novel player-tracking information in
ice hockey players.

7.2.3 Validity
Given that examining the validity of all measures provided by the LPS is challenging,
determining that the system is reliable for most measures allows for confidence when comparing
the same measures across different ice-times. However, speed and acceleration are some of the
most important measures captured by the LPS, which can be compared to other technology as a
measure of validity.
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Based on this suggestion, LPS reported comparable speed and acceleration measures to
that of a previously validated robotic sprint device (1080 Sprint) during a 40 m on-ice linear sprint
with low mean biases between systems (Rakovic et al. 2020). Peak speed, speed at 5 m, and 0-5
m acceleration all showed excellent agreement between the LPS and the robotic sprint device.
Other LPS have also been reported to be comparable or more accurate when compared to GPS
(Bastida-Castillo et al. 2018, 2019b; Hoppe et al. 2018), although each system and metric should
be examined in the specific sport context.
The main conclusions of LPS at this time are that: i) validity and reliability depend largely
on system brand and setup, sampling rate, and specific movements, ii) systems with higher
sampling rates (>10 Hz) appear to provide better accuracy, and iii) validity appears to be reduced
in several measures with short and sudden changes in velocity (Crang et al. 2021). Nevertheless,
the similarities between the LPS and 1080 Sprint systems provided in this thesis, and the main
conclusions available in the literature, collectively advocate that this LPS has great value when
examining external load in ice hockey players. As technology continues to advance with
capabilities of sampling rates >20 Hz in the future, accuracy for detecting specific movements and
short and sudden changes in velocity should improve.

7.3 LPS-derived External Load in Ice Hockey Players
7.3.1 Female and Male Players
Chapters 5 and 6 of this thesis measured the high external load of ice hockey players during
games, with skating distance (total and at different intensities), peak skating speed, peak
acceleration and deceleration, accumulative acceleration load, and number of accelerations,
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decelerations, sharp turns, wide turns, skating transitions, direction changes, and impacts as the
main measures being considered.
Chapter 5 was the first research to examine the external load of female ice hockey players
using LPS. Aside from skating transitions and turns in defence, LPS-derived external load
measures were greater in males compared to females. During regular season games, total skating
distances reached averages of 4489 ± 1152 m for female players and 5381 ± 1705 m for male
players, which were comparable to those reported for males in NHL (4606 ± 219 m) and Canadian
(defence: 4002 ± 787, forwards: 3681 ± 1058 m) and Danish (5980 ± 199 m) elite junior ice hockey
games (Lignell et al. 2018; Douglas & Kennedy 2020; Vigh-Larsen et al. 2020). Similarly, the
average peak skating speeds of 28.73 ± 1.51 km/hr for female players and 31.16 ± 1.64 km/hr for
male players were greater than those reported in elite Canadian male junior players (defence: 24.9
± 5.0 km/hr, forwards: 26.9 ± 5.0 km/hr; Douglas and Kennedy 2020). The results in the present
study were controlled by both female and male teams playing on the same Olympic-size ice surface
with Ontario University of Athletics regulations. However, this larger ice surface may have
allowed for players to skate farther and faster than they would have on a North American regulation
ice surface.
When considering the differences in ice hockey between females and males, the fact that
females are not allowed to bodycheck may also provide a different game strategy and differences
in external loads. If females were allowed to bodycheck or males were not, it is very likely that
there may be even greater differences in some of these player tracking metrics. Nevertheless, most
LPS measures were greater in males. Given that male athletes generally have larger bodies, more
relative muscle mass, and greater maximal oxygen consumption, the greater LPS-derived external
loads in males were not surprising (Hunter 2014; Jackson et al. 2016, 2017). These differences in
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anthropometrics, physiology, and game rules and characteristics between sexes are likely the cause
for the different external loads identified in regular season games.
Chapter 6 outlined the unique environment of a championship game that lasted more than
5 full periods (20 min each) in male varsity ice hockey players. The mean skating distance in this
game was 6248 ± 1500 m in the first three periods and 4408 ± 1143 in the two overtime periods,
with 45% of skating occurring at speeds in high-intensity skating zones (>17 km/hr). While the
high external load for the entire game cannot be directly compared to other research (5 periods vs
3 periods), the skating distances in the first three periods and in each period were comparable or
greater than those reported in other male ice hockey research and peak skating speeds were
similar to those reported for males in Chapter 5 (Lignell et al. 2018; Douglas & Kennedy 2020;
Vigh-Larsen et al. 2020).
One of the most interesting findings in this chapter was many of these LPS-derived
measures of external load did not decrease from period 1 to period 3 and farther in periods 4 and
5. It was originally hypothesized that LPS measures would decrease as the game progressed, as a
result of fatigue, coaching decisions, potential outcome of the game, or other changes of playing
style. However, this was not the case. Given this was a season-deciding game, it is likely that
players were maximizing effort even more than normal with their season on the line. Regardless,
it appears that daily practices and weekly games as preparation, in addition to players being
provided with water, sports drink, and carbohydrate-rich snacks to hydrate and fuel throughout
the periods and intermissions, allowed players to maintain performance and limit fatigue
throughout the extended game.
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7.3.2 Defence and Forward Players
The main conclusion when making positional comparisons was that both female and male
forwards had greater external load at higher intensities, while defence had greater external load at
lower intensities. Peak speeds for both females and males were greater in forwards compared to
defence in Chapters 5 and 6. Results from Chapter 6 showed few positional differences outside of
peak speed and skating distances in speed zones, but Chapter 5 results provided further evidence
of intensity differences with greater peak acceleration and deceleration in male forwards. While
peak accelerations were less for defence, the number of accelerations and decelerations were
greater for defence in males during regular season games. The difference in results between
Chapters may be affected by the number of games in each of the analyses and the magnitude of a
championship game versus regular season games.
Perhaps the most appropriate way of considering intensity of external load at this time is
the speed at which players skated and how much players skated at these speeds. As previously
mentioned, 45-50% of skating occurring at high-intensity speeds has been consistently reported in
previous literature and this research (Lignell et al. 2018; Douglas & Kennedy 2020; Vigh-Larsen
et al. 2020). This demonstrates that players have high fitness levels and provide efforts that can
match this during a game regardless of position. With that said, both previous research and the
current thesis reported that forwards compete at greater intensities (Lignell et al. 2018; Douglas et
al. 2018a, b; Allard et al. 2020; Douglas & Kennedy 2020), potentially as a result of positional
strategy where forwards tend to attack the other team with and without the puck and defence tend
to be more passive to ensure that the opposing team does not score when playing offence.
Interestingly, skating transitions and turns in defence were two measures that were
consistent amongst females and males, showing that although male defence may have to perform
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at higher speeds, the defensive game itself may be similar for both sexes. Differences in speed for
defence and forwards may also have to do with the players’ skating direction. Defence tend to
skate backwards more than forwards given their need to defend while keeping the players from the
opposing team in their field of vision as they attempt to score. At this time, ice hockey research
using LPS has primarily focused on skating distances and speeds, which limits potential
comparisons of the present results to the available literature. Once further research has investigated
other measures like accelerations, decelerations, and other in-game events in different populations
of ice hockey players, studies can make comparisons and build on the descriptive data presented
in this thesis.

7.3.3 Skating Distance in Absolute and Relative Speed Zones
Currently, there is no single specific LPS measure used to determine external load of a
practice or game but using a measure that encompasses intensity along with volume when
investigating load management, training and recovery strategies, and performance for ice hockey
players is optimal. Speed zones were adapted from other sports to provide a measure of intensity
when considering skating distance in ice hockey (Lignell et al. 2018). However, these speed zones
were developed for males and originally used with video analysis of an NHL game. With such
large differences in game play between skill levels, sexes, and positions, it is important that an
individual approach is taken when considering the external load of ice hockey players.
Depending on the level of competition and the need to meet specific demands to be
successful in games, relative measures of external load are much more appropriate. For example,
even though female’s external load was lower than males, their skating speeds and distances are
still very high when compared with those reported in other studies and many of the skating
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distances changed when applying relative speed zones for players in Chapter 5. Additionally,
applying relative speed zones may account for differences in fitness levels or positional game
requirements, optimizing preparation and avoiding under- or overtraining that may affect
performance or risk of injury.
Determining proper speed zones in ice hockey is a large task on its own given that there
are still limited data in this area. This would require determining the most appropriate way of
selecting peak speed and the corresponding speed zones. Basing speed zones on peak speeds
measured during practices or combine-type drills would not be most accurate when considering
external load in a game, given it is very likely that LPS-derived external load would differ between
practices and games. Using the peak speed from players during game play in the regular season
allowed for an individualized measure of skating distance in speed zones, but it may be important
to adjust when monitoring load in practices as well. Rather than coming up with several sets of
absolute speed zones, applying measures relative to individuals should be a priority and one that
is more appropriate for understanding the different in-game demands for individuals of difference
sex and position when monitoring external load.

7.4 Limitations
While this thesis encompasses three unique and novel studies in Chapters 4-6, there are
research limitations worth noting. There were many challenges when considering the reliability
and validity of the LPS, with the greatest challenge being that there was no option of comparing
all LPS metrics to a ‘gold standard’. For this reason, the best way to consider validity was to
compare to other validated or accepted technology. Using the 1080 Sprint device allowed for the
LPS-derived linear speed and acceleration measures to be determined accurate, but there are still

101

considerations that need to be made. For example, speed and acceleration in practices and games
would not only be linear skating. Also, many of the other LPS metrics were event counts which
may be best to compare to video analysis.
However, there is no research suggesting that video analysis or 3D-motion analysis is
feasible in the situation where multiple athletes are being monitored while completing every
possible movement on the ice, especially in a longitudinal situation with multiple games; each of
these methods present their own limitations. The main limitation with traditional video analysis is
subjectivity across individuals analyzing data. Three-dimension motion analysis is considered the
‘gold standard’ for analyzing human movement, but this method is extremely time-consuming and
expensive, and was not feasible in the present research. Nevertheless, LPS-derived speed and
acceleration were accepted when compared to a previously validated robotic sprint device and the
majority of LPS metrics were considered reliable, which should provide LPS users with confidence
when monitoring external load.
Another limitation of this research was that because the area of research is new, this thesis
primarily focused on descriptive data and provided insight of fundamental external load of ice
hockey players during games. In many other sports, the external load of athletes has already been
reported, which allows for interventions to be applied. Ideally, once external load in ice hockey
has been quantified, further questions can be answered by assessing relationships with other areas
of athlete monitoring. For example, determining the relationship between external and internal
load of these players to assess any association between the two load categories. Perhaps external
load is greater for specific groups, while the internal load requirement is similar when producing
external workloads. Another consideration could be the relationship between load and response
(i.e., risk of injury or pain, fatigue, changes in fitness or performance). There is now research that
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has reported a consistently high load has a protective effect on risk of injuries in athletes, but this
has not been shown in ice hockey players. Once some of these relationships can be assessed,
interventions can be applied and examined in hopes to optimize the performance and health of
players. However, without a thorough understanding of the descriptive external load data in ice
hockey, it is difficult to make these additional considerations.
This research only included groups of skaters in the analyses and did not consider
comparisons of external load between individuals (or normalized to individuals), playing lines,
practices and game, or phases of the season due to the large amount of data collected for even a
single ice time. Furthermore, given the physiological and hockey-specific differences between
female and male physiology, the comparisons made between sexes in Chapter 5 should be
considered very general until data can be normalized accordingly.
Goalies play a very unique position with movements that skaters would not perform, many
of which involve very small, sudden, and fast movements that are difficult for the LPS to register.
For this reason, goalies should be considered separately with metrics that are specific to their
position. Similarly, there is still little known about the workload of players when they are grappling
with each other or battling for the puck. Many of the movements in these situations are small and
physical in nature but they do not necessarily require high speeds or skating distances. For the
time-being, it may be best for the workload of goalies and players in these specific scenarios to be
measured through internal load measures like training impulse and RPE, where they can be very
individualized regardless of position or movements that may or may not be recognized by LPS.
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7.5 Practical Application and Future Directions
This thesis provides novel LPS-derived descriptive information that quantifies the external
load of varsity ice hockey players during games. Prior to this, research primarily used
accelerometry to measure external load in ice hockey and there were only two studies that used
LPS in ice hockey, and both were in males at the elite junior level. Given that LPS tracks change
in player position, it provided more metrics than accelerometers, including speeds, accelerations,
decelerations, and other in-game events. Chapter 5 was the first study to measure the external load
of female players using LPS, which provided the first opportunity to compare workloads between
sexes. Chapters 5 and 6 allowed for comparisons between defence and forward players, while
differences in external load between periods were examined in Chapter 6 in the unique
environment of an extended championship game. While the findings of this thesis have added to
the limited ice hockey research in this area, there are many considerations for application of the
conclusions and potential future directions.
Chapter 4 determined that many of the Kinexon LPS measures were reliable and linear
speed and acceleration measures were valid. Assuming this technology is available, LPS truly
allows researchers, coaches, and players to objectively quantify the game of ice hockey, as long as
LPS sensors are secured to the participants equipment in the same location for each use. To assist
in situations where LPS is not feasible due to the high cost, lack of access, or participation in
multiple arenas, future research should consider assessing relationships between LPS-derived and
traditional or internal measures of load. If they have a positive relationship with LPS measures,
these types of athlete monitoring may be more feasible and may provide enough information for
researchers and coaches to make evidence-based decisions.
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One interesting finding was that there was no apparent difference in external load for male
players across 5 periods of a championship game, even though other research had indicated lower
workloads for players in later stages of a game. In addition to the high fitness level achieved from
daily practices and weekly games throughout the season, this suggests that the implications of the
game may have had a large effect on the players’ efforts and their ability to maintain performance
and limit fatigue throughout the extended game. However, one major benefit of ice hockey is the
opportunity to hydrate and fuel properly between shifts and periods with optimal nutritional
strategies. Given that ice hockey is a high intensity sport that uses both anaerobic and aerobic
energy systems, it is imperative for players to use the given opportunities to consume fluids and
carbohydrates as the primary fuel source to maintain workloads and optimize recovery.
Once athlete external load can be objectively quantified using LPS, the usefulness of this
method ranges from monitoring load, to tracking progress, to creating a baseline for players as
they return from injury or offseason. There is no single LPS variable that can be used to consider
all aspects of external load, making it important for researchers to continue investigating which
measures are the best fit when trying to answer specific questions. With that said, skating distances
in specific speed zones provide a reasonable measure to monitor acute and chronic loads
longitudinal because it provides a measure of volume and intensity. If this is used to monitor load,
it is important to consider data relative to each player to control for fitness, sex, and position, which
would require individualized speed zones based on a percentage of peak speed. Conversely,
measures like peak speed and acceleration may be more important for tracking performance
changes, similar to recording the amount of weight an athlete can lift in the gym.
Future studies should focus on several areas. First, they should consider the response to
external load so that it can be determined if there are any positive or negative relationships between
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load and performance or athlete health. There are many cases where coaches may want to push
athletes harder and increase the external load to improve fitness of compete level. By quantifying
acute and chronic load and minimizing negative responses from this load, players should have the
opportunity for positive adaptations. Conversely, if there is a player that has chronic injury or pain
that may affect their performance at the most pinnacle point of the season, it may be important to
reduce player load at times where fatigue may be a concern for aggravating the injury.
Secondly, the relationship between external and internal load needs to be addressed. With
some of the differences reported between sexes and positions or the similarities reported between
5 periods of a championship game, there should be a focus on determining if internal load follows
the same trend or if requirements are different to produce a given external load. Lastly, other
potential studies should consider the differences in load between phases of the season and playing
lines, potential recovery strategies following high external loads, whether practice external load
matches game requirements, and how weekly training periodization affects game outcome. While
not all of these studies would require interventions, many of these relationships would be of interest
and can be considered given the right data are collected.
The availability of this new information allows players, coaches, and researchers to adapt
and target position- and sex-specific training methods to ensure that players can optimize
performance and maintain health throughout all phases of the season. The unique external loads
discovered for different sexes and positions outline the need for an individualized approach and
the potential for considering specific measures relative to certain groups or individuals. Without
really understanding the workload of players during games and in the most critical situations,
experts cannot effectively provide the support for player training, preparation, and recovery that is
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needed to optimize player health and performance of athletes. Therefore, this should be considered
by coaches and staff when developing individual and team schedules, training, and desired goals.

7.6 Conclusions
In conclusion, this thesis provides novel LPS-derived descriptive information that
quantified the external load of varsity ice hockey players during games. This was the first research
to examine the external load of female players using LPS. The Kinexon LPS was shown to provide
reliable measures of TOI, skating distance, peak speed, average speed, peak acceleration and
deceleration, accumulative acceleration load, turns, and skating transitions during an on-ice
practice. It was also shown that this system provides valid peak speed, speed at 5 m, and 0-5 m
acceleration during 40 m linear sprints when compared to a previously validated robotic sprint
device. Without analyzing each individual movement using 3-D motion analysis, LPS likely
provides the most accurate and thorough assessment of external load in ice hockey players, given
that it allows for the measurement of many on-ice variables. Based on using LPS for playertracking in games, it was determined that i) both female and male ice hockey players had high
external loads, ii) males had higher external loads than females, iii) the external load of defence
was higher at low intensities, but forward players had greater external load at higher intensities,
and iv) males were shown to maintain their high external load across periods, even during 5 periods
of an extended championship game. The differences in external load between sexes, positions, and
levels of play make it clear that an individual approach should be taken when monitoring load or
tracking the performance of players, and that data should be examined relative to each player.

107

REFERENCES
Akenhead R, French D, Thompson KG, Hayes PR. The acceleration dependent validity and
reliability of 10 Hz GPS. J Sci Med Sport 17(5): 562–566, 2014.
Alarifi A, Al-Salman A, Alsaleh M, Alnafessah A, Al-Hadhrami S, Al-Ammar, MA, & Al-Khalifa
HS. Ultra wideband indoor positioning technologies: Analysis and recent advances. Sensors 16(5):
707, 2016.
Allard P, Martinez R, Deguire S, Tremblay J. In-season session training load relative to match load
in professional ice hockey. J Strength Cond Res. Published ahead of print. Mar 9, 2020.
Bahr R, Krosshaug T. Understanding injury mechanisms: a key component of preventing injuries
in sport. Br J Sports Med 39(6): 324-329, 2005.
Bahr R. No injuries, but plenty of pain? On the methodology for recording overuse symptoms in
sports. Br J Sports Med 43(13): 966-972, 2009.
Baker LB, Stofan JR, Hamilton AA, Horswill CA. Comparison of regional patch collection vs.
whole body washdown for measuring sweat sodium and potassium loss during exercise. J Appl
Physiol 107(3): 887–895, 2009.
Bakshi NK, Inclan PM, Kirsch JM, Bedi A, Agresta C, Freehill MT. Current workload
recommendations in baseball pitchers: A systematic review. Am J Sports Med 48(1): 229-241,
2020.
Barris S, & Button C. A review of vision-based motion analysis in sport. Sports Med 38(12), 10251043, 2008.
Bartlett JD, O’Connor F, Pitchford N, Torres-Ronda L, Robertson SJ. Relationships between
internal and external training load in team-sport athletes: evidence for an individualized approach.
Int J Sports Physiol Perform 12(2): 230–234, 2017.
Bastida-Castillo A, Gomez-Carmona CD, De la Cruz-Sanchez E, Ortega JP. Accuracy, intra- and
inter-unit reliability, and comparison between GPS and UWB-based position-tracking systems
used for time–motion analyses in soccer. Eur J Sport Sci 18(4): 450–457, 2018.
Bastida-Castillo A, Gómez-Carmona CD, la Cruz-Sánchez D, Reche-Royo X, Ibáñez SJ, Pino
Ortega J. Accuracy and inter-unit reliability of ultra-wide-band tracking system in indoor exercise.
Appl Sci 9(5): 939, 2019a.
Bastida-Castillo A, Gómez-Carmona CD, De La Cruz Sánchez E, Pino-Ortega J. Comparing
accuracy between global positioning systems and ultra-wideband-based position tracking systems
used for tactical analyses in soccer. Eur J Sport Science 19(9): 1157-1165, 2019b.

108

Bigg JL, Gamble ASD, Vermeulen TF, Boville SM, Eskedjian GS, Palmer MS, Spriet LL. Sweat
loss and hydration habits of female Olympic, varsity and recreational ice hockey players. Int J
Sports Med, 40(06): 416-422, 2019.
Black AM, Hagel BE, Palacios-Derflingher L, Schneider KJ, Emery CA. The risk of injury
associated with body checking among Pee Wee ice hockey players: an evaluation of Hockey
Canada’s national body checking policy change. Br J of Sports Med 51(24): 1767-1772, 2017.
Boland M, Delude K, Miele EM. Relationship between physiological off-ice testing, on-ice
skating, and game performance in division I female ice hockey players. J Strength Cond Res 33(6):
1619-1628, 2019.
Bowen L, Gross AS, Gimpel M & Li FX. Accumulated workloads and the acute:chronic workload
ratio relate to injury risk in elite youth football players. Br J Sports Med 51(5): 452–459, 2017.
Bourdon PC, Cardinale M, Murray A, Gastin P, Kellmann M, Varley MC, Gabbett TJ, Coutts AJ,
Burgess DJ, Gregson W, Cable NT. Monitoring athlete training loads: consensus statement. Int J
Sports Physiol Perform 12(s2): S2-161, 2017.
Boyd LJ, Ball K, Aughey RJ. The reliability of MiniMaxx accelerometers for measuring physical
activity in Australian football. Int J Sports Physiol Perform 6(3): 311–321, 2011.
Bradley PS, Di Mascio M, Peart D, Olsen P, Sheldon B. High-intensity activity profiles of elite
soccer players at different performance levels. J Strength Cond Res 24: 2343–2351, 2010.
Brooks GA, Fahey TD, Baldwin KM. Exercise physiology: human bioenergetics and
its applications. 4th edn. New York: McGraw-Hill, 2004.
Buchheit M, Allen A, Poon TK, Modonutti M, Gregson W, Di Salvo V. Integrating different
tracking systems in football: multiple camera semi-automatic system, local position measurement
and GPS technologies. J Sports Sci 32(20): 1844-57, 2014.
Buckeridge E, LeVangie MC, Stetter B, Nigg SR, Nigg BM. An on-ice measurement approach to
analyse the biomechanics of ice hockey skating. PLoS One 10(5): e0127324, 2015.
Burr JF, Jamnik RK, Baker J, Macpherson A, Gledhill N, McGuire EJ. Relationship of physical
fitness test results and hockey playing potential in elite-level ice hockey players. J Strength Cond
Res 22(5): 1535-1543, 2008.
Cardinale M, Varley MC. Wearable training-monitoring technology: applications, challenges, and
opportunities. Int J Sports Physiol Perform 12(s2): S2-55, 2017.
Casa DJ, Armstrong LE, Hillman SK, Montain SJ, Reiff RV, Rich BS, Roberts WO, Stone JA.
National Athletic Trainer’s Association position statement: fluid replacement for athletes. J Athl
Train 35(2): 212–224, 2000.

109

Chambers R, Gabbett TJ, Cole MH, Beard A. The use of wearable microsensors to quantify sportspecific movements. Sport Med 45(7): 1065-1081, 2015.
Clarke N, Farthing JP, Lanovaz JL, Krentz JR. Direct and indirect measurement of neuromuscular
fatigue in Canadian football players. Appl Physiol Nutr Metab 40(5): 464-473, 2015.
Clarsen B, Rønsen O, Myklebust G, Flørenes TW, Bahr R. The Oslo Sports Trauma Research
Center questionnaire on health problems: a new approach to prospective monitoring of illness and
injury in elite athletes. Br J Sports Med 48(9): 754-760, 2014.
Claudino JG, Cronin J, Mezêncio B, McMaster DT, McGuigan M, Tricoli V, Amadio AC, Serrão
JC. The countermovement jump to monitor neuromuscular status: A meta-analysis. J Sci Med
Sport 20(4): 397-402, 2017.
Coutts AJ, Duffield R. Validity and reliability of GPS devices for measuring movement demands
of team sports. J Sci Med Sport 13(1): 133-135, 2010.
Cox MH, Miles DS, Verde TJ, Rhodes EC. Applied physiology of ice hockey. Sports Med 19(3):
184-201, 1995.
Crang ZL, Duthie G, Cole MH, Weakley J, Hewitt A, Johnston RD. The validity and reliability of
wearable microtechnology for intermittent team sports: A systematic review. Sports Med 1-17,
2021.
Dalen T, Jørgen I, Gertjan E, Havard HG, Ulrik W. Player load, acceleration, and deceleration
during forty-five competitive matches of elite soccer. J Strength Cond Res 30(2): 351-359, 2016.
Dellaserra CL, Gao Y, Ransdell L. Use of integrated technology in team sports: A review of
opportunities, challenges, and future directions for athletes. J Strength Cond Res 28(2): 556–573,
2014.
Dobson BP, Keogh J. Methodological issues for the application of time-motion analysis research.
J Strength Cond Res 29(2): 48, 2007.
Douglas A, Johnston K, Baker J, Rotondi MA, Jamnik VK, Macpherson AK. On-ice measures of
external load in relation to match outcome in elite female ice hockey. Sports 7(7): 173, 2019a.
Douglas A, Rotondi MA, Baker J, Jamnik VK, Macpherson AK. On-ice physical demands of
world-class women’s ice hockey: from training to competition. Int J Sports Physiol Perform 14(9):
1227-1232, 2019b.
Douglas AS, Kennedy CR. Tracking in-match movement demands using local positioning system
in world-class men's ice hockey. J Strength Cond Res 34(3): 639-646, 2020.

110

Douglas AS, Rotondi MA, Baker J, Jamnik VK, Macpherson AK. A Comparison of on-ice external
load measures between subelite and elite female ice hockey players. J Strength Cond Res.
Published ahead of print, Aug 12 2020.
Duarte TS, Alves DL, Coimbra DR, Miloski B, Marins JC, Bara Filho MG. Technical and tactical
training load in professional volleyball players. Int J Sports Physiol Perform 14(10): 1338-43, 2019
Feeley BT, Schisel J, Agel J. Pitch counts in youth baseball and softball: a historical review. Clin
J Sport Med 28(4): 401-405, 2018.
Fitzpatrick JF, Hicks KM, Hayes PR. Dose-response relationship between training load and
changes in aerobic fitness in professional youth soccer players. Int J Sports Physiol Perform
13(10): 1365-70, 2018.
Foster C, Rodriguez-Marroyo JA, De Koning JJ. Monitoring training loads: the past, the present,
and the future. Int J Sports Physiol Perform 12(s2): S2-2, 2017.
Fox JL, Stanton R, Sargent C, Wintour SA, Scanlan AT. The association between training load
and performance in team sports: a systematic review. Sports Med 48(12): 2743-2774, 2018a.
Fox JL, Stanton R, Scanlan AT. A comparison of training and competition demands in
semiprofessional male basketball players. Res Q Exerc Sport 89(1): 103-111, 2018b.
Fuller CW, Ekstrand J, Junge A, Andersen TE, Bahr R, Dvorak J, Hägglund M, McCrory P,
Meeuwisse WH. Consensus statement on injury definitions and data collection procedures in
studies of football (soccer) injuries. Scand J Med Sci Sports 16(2): 193–201, 2006.
Fuller CW, Molloy MG, Bagate C, Bahr R, Brooks JH, Donson H, Kemp SP, McCrory P,
McIntosh AS, Meeuwisse WH, Quarrie KL. Consensus statement on injury definitions and data
collection procedures for studies of injuries in Rugby Union. Clin J Sport Med 17(3): 177–181,
2007.
Gabbett TJ. Influence of training and match intensity on injuries in rugby league. J Sports Sci
22(5): 409–417, 2004.
Gabbett TJ, Domrow N. Relationships between training load, injury, and fitness in sub-elite
collision sport athletes. J Sports Sci 25(13): 1507–1519, 2007.
Gabbett T, Jenkins D, Abernethy B. Physical collisions and injury during professional rugby
league skills training. J Sci Med Sport 13(6): 578–583, 2010.
Gabbett TJ, Jenkins DG. Relationship between training load and injury in professional rugby
league players. J Sci Med Sport 14(3): 204–209, 2011.
Gabbett TJ, Jenkins DG, Abernethy B. Physical demands of professional rugby league training
and competition using microtechnology. J Sci Med Sport 15(1): 80-86, 2012.

111

Gabbett TJ. The training–injury prevention paradox: should athletes be training smarter and
harder? Br J Sports Med 50(5): 273–280, 2016.
Gabbett TJ, Hulin BT, Blanch P, Whiteley R. High training work-loads alone do not cause sports
injuries: how you get there is the real issue. Br J Sports Med 50(8): 444–445, 2016.
Gamble ASD, Bigg JL, Vermeulen TF, Boville SM, Eskedjian GS, Jannas-Vela S, Whitfield J,
Palmer MS, Spriet LL. Estimated sweat loss, fluid and carbohydrate intake, and sodium balance
of male major junior, AHL, and NHL players during on-ice practices. Int J Sport Nutr Exerc Metab
29(6): 612-619, 2019.
Gamble ASD, Mountjoy M, Bigg JL, Spriet LL. Implementation of injury and illness surveillance
protocols in varsity athletes. Clin J Sport Med 30(4): 321-34, 2020.
Gastin PB, McLean O, Spittle M, Breed RV. Quantification of tackling demands in elite Australian
football using integrated wearable athlete technology. J Sci Med Sport 16(6): 281, 2013.
Gastin PB, Mclean OC, Breed RV, Spittle M. Tackle and impact detection in elite Australian
football using wearable microsensor technology. J Sports Sci 32(10): 947–953, 2014.
Gathercole R, Sporer B, Stellingwerff T, Sleivert G. Alternative countermovement-jump analysis
to quantify acute neuromuscular fatigue. Int J Sports Physiol Perform 10(1): 84–92, 2015a.
Gathercole RJ, Sporer BC, Stellingwerff T, Sleivert GG. Comparison of the capacity of different
jump and sprint field tests to detect neuromuscular fatigue. J Strength Cond Res 29(9): 2522–2531,
2015b.
Gathercole R, Sporer B, Stellingwerff T. Countermovement jump performance with increased
training loads in elite female rugby athletes. Int J Sports Med 36(9): 722–728, 2015c.
Gentles JA, Coniglio CL, Besemer MM, Morgan JM, Mahnken MT. The demands of a women’s
college soccer season. Sports 6(1): 16, 2018.
Ghasemzadeh H, Jafari R. Coordination analysis of human movements with body sensor networks:
a signal processing model to evaluate baseball swings. IEEE Sens J 11(3): 603–610, 2011.
Gonçalves LG, Kalva-Filho CA, Nakamura FY, Rago V, Afonso J, Bedo BL, Aquino R. Effects
of match-related contextual factors on weekly load responses in professional Brazilian soccer
players. Int J Environ Res Pub Health 17(14): 5163, 2020.
Gray AJ, Jenkins D, Andrews MH, Taaffe DR, Glover ML. Validity and reliability of GPS for
measuring distance travelled in field-based team sports. J Sports Sci 28(12): 1319-1325, 2010.
Halson SL. Monitoring training load to understand fatigue in athletes. Sport Med 44(2): 139–147,
2014.

112

Harries SK, Lubans DR, Callister R. Systematic review and meta-analysis of linear and undulating
periodized resistance training programs on muscular strength. J Strength Cond Res 29(4): 11131125, 2015.
Harriss DJ, MacSween A, Atkinson G. Ethical standards in sport and exercise science research:
2020 update. Int J Sports Med 40(13): 813-7, 2019.
Haugen T & Buchheit M. Sprint running performance monitoring: methodological and practical
considerations. Sports Med 46(5):641-56, 2016.
Heishman, AD, Curtis, MA, Saliba, E, Hornett, RJ, Malin, SK, and Weltman, AL. Noninvasive
assessment of internal and external player load. J Strength Cond Res 32(5): 1280–1287, 2018.
Heishman AD, Daub BD, Miller RM, Freitas ED, Frantz BA, Bemben MG. Countermovement
jump reliability performed with and without an arm swing in NCAA division 1 intercollegiate
basketball players. J Strength Cond Res 34(2): 546-558, 2020.
Herring SA, Ben Kibler W, Putukian M, Berkoff DJ, Bytomski J, Carson E, Chang CJ, Coppel D.
Load, overload, and recovery in the athlete: Select issues for the team physician – A Consensus
Statement. Cur Sports Med Rep 18(4): 141-148, 2019.
Hopkins W, Marshall S, Batterham A, Hanin J. Progressive statistics for studies in sports medicine
and exercise science. Med Sci Sports Exerc 41(1): 3, 2009.
Hoppe MW, Baumgart C, Polglaze T, Freiwald J. Validity and reliability of GPS and LPS for
measuring distances covered and sprint mechanical properties in team sports. PloS One 13(2): 121, 2018.
Hulin BT, Gabbett TJ, Blanch P, Chapman P, Bailey D, Orchard JW. Spikes in acute workload are
associated with increased injury risk in elite cricket fast bowlers. Br J Sports Med 48(8): 708–712,
2014.
Hulin BT, Gabbett TJ, Kearney S, Corvo A. Physical demands of match play in successful and
less- successful elite rugby league teams. Int J Sports Physiol Perform 10(6): 703-710, 2015.
Hulin BT, Gabbett TJ, Lawson DW, Caputi P, Sampson JA. The acute:chronic workload ratio
predicts injury: high chronic workload may decrease injury risk in elite rugby league players. Br J
Sports Med 50(4): 231–236, 2016a.
Hulin BT, Gabbett TJ, Caputi P, Lawson DW, Sampson JA. Low chronic workload and the
acute:chronic workload ratio are more predictive of injury than between-match recovery time: a
two-season prospective cohort study in elite rugby league players. Br J Sports Med 50(16): 1008–
1012, 2016b.

113

Hunter SK. Sex differences in human fatigability: mechanisms and insight to physiological
responses. Acta Physiol 768-789, 2014.
Issurin VB. New horizons for the methodology and physiology of training periodization. Sports
Med 40(3): 189-206, 2010.
Jackson J, Snydmiller G, Game A, Gervais P, Bell G. Movement characteristics and heart rate
profiles displayed by female university ice hockey players. Int J Kinesiol and Sports Sci 4(1): 4354, 2016.
Jackson J, Snydmiller G, Game A, Gervais P, Bell G. Investigation of positional differences in
fitness of male university ice hockey players and the frequency, time spent and heart rate of
movement patterns during competition. Int J Kinesiol and Sports Sci 5(3): 6-15, 2017.
Jennings D, Cormack S, Coutts AJ, Boyd L, Aughey RJ. The validity and reliability of GPS units
for measuring distance in team sport specific running patterns. Int J Sports Physiol Perform 5(3):
328-341, 2010.
Junge A, Engebretsen L, Alonso JM, Renstrom P, Mountjoy M, Aubry M, Dvorak J. Injury
surveillance in multi-sport events: the International Olympic Committee approach. Br J Sports
Med 42(6): 413–421, 2018.
Kavanaugh AA, Mizuguchi S, Sands WA, Ramsey MW, Stone MH. Long-term changes in jump
performance and maximum strength in a cohort of NCAA Division I women’s volleyball athletes.
J Strength Cond Res. 32(1): 66–75, 2017.
Kelly D, Coughlan GF, Green BS, Caulfield B. Automatic detection of collisions in elite level
rugby union using a wearable sensing device. Sports Eng 15(2): 81–92, 2012.
Koda H, Sagawa K, Kuroshima K, Tsukamoto T, Urita K, Ishibashi Y. 3D measurement of forearm
and upper arm during throwing motion using body mounted sensor. J Adv Mech Des Syst 4(1):
167–178, 2010.
Leadbetter WB. Cell-matrix response in tendon injury. Clin Sports Med 11(3): 533–578, 1992.
Lignell E, Fransson D, Krustrup P, Mohr M. Analysis of high-intensity skating in top-class ice
hockey match-play in relation to training status and muscle damage. J Strength Cond Res 32:
1303–1310, 2018.
Link D, Weber M, Linke D, Lames M. Can positioning systems replace timing gates for measuring
sprint time in ice hockey? Front Physiol 9: 1882, 2019.
Linke D, Link D, Lames M. Validation of electronic performance and tracking systems EPTS
under field conditions. PloS one 13(7): e0199519, 2018.

114

Los Arcos A, Yanci J, Mendiguchia J, Salinero JJ, Brughelli M, Castagna C. Short-term training
effects of vertically and horizontally oriented exercises on neuromuscular performance in
professional soccer players. Int J Sports Physiol Perform 9(3): 480–488, 2014.
Luteberget LS, Spencer M, Gilgien M. Validity of the Catapult ClearSky T6 local positioning
system for team sports specific drills, in indoor conditions. Front Physiol 9: 1–10, 2018.
MacDonald K, Bahr R, Baltich J, Whittaker JL, Meeuwisse WH. Validation of an inertial
measurement unit for the measurement of jump count and height. Phys Ther Sport 25: 15-19, 2017.
Madden RF, Erdman KA, Shearer J, Spriet LL, Ferber R, Kolstad AT, Bigg JL, Gamble AS,
Benson LC. Effects of caffeine on exertion, skill performance, and physicality in ice hockey. Int J
Sports Physiol Perform. 14(10): 1422-1429, 2019.
Malone JJ, Murtagh CF, Morgans R, Burgess DJ, Morton JP, Drust B. Countermovement jump
performance is not affected during an in-season training microcycle in elite youth soccer players.
J Strength Cond Res 29(3): 752–757, 2015.
Matthew D, Delextrat A. Heart rate, blood lactate concentration, and time-motion analysis of
female basketball players during competition. J Sports Sci 27(8): 813-821, 2009.
McCaskie CJ, Young WB, Fahrner BB, Sim M. Association between pre-season training and
performance in Elite Australian Football. Int J Sports Physiol Perform 14(1): 68-75, 2018.
McInnes SE, Carlson JS, Jones CJ, Mckenna MJ. The physiological load imposed on basketball
players during competition. J Sports Sci 13(5): 387-397, 1995.
McKay CD, Tufts RJ, Shaffer B, Meeuwisse WH. The epidemiology of professional ice hockey
injuries: a prospective report of six NHL seasons. Br J of Sports Med, 48(1): 57-62, 2014.
McLaren SJ, Macpherson TW, Coutts AJ, Hurst C, Spears IR, Weston M. The relationships
between internal and external measures of training load and intensity in team sports: a metaanalysis. Sports Med 48(3): 641-658, 2018.
McNamara DJ, Gabbett TJ, Chapman P, Naughton G, Farhart P. The validity of microsensors to
automatically detect bowling events and counts in cricket fast bowlers. Int J Sports Physiol
Perform 10(1): 71–75, 2015.
Meeusen R. Overtraining syndrome. In: Mujika I, Hausswirth C, eds. Recovery for performance
in sport. Champaign, IL: Human Kinetics, 9–20, 2013.
Meeuwisse W. Assessing causation in sport injury: A multifactorial model. Clin J Sport Med 4(3):
166-70, 1994.
Meeuwisse WH, Tyreman H, Hagel B, Emery C. A dynamic model of etiology in sport injury: the
recursive nature of risk and causation. Clin J Sport Med 17(3): 215-219, 2007.

115

Menaspà P. Are rolling averages a good way to assess training load for injury prevention? Br J
Sports Med 51(7): 618–619, 2017.
Montgomery DL. Physiology of ice hockey. Sports Med 5(2): 99-126, 1988.
Montgomery DL. Physiological profile of professional hockey players-a longitudinal comparison.
Appl Physiol Nutr Metab 31(3): 181-185, 2006.
Mountjoy M, Junge A, Alonso JM, Clarsen B, Pluim BM, Shrier I, van den Hoogenband C, Marks
S, Gerrard D, Heyns P, Kaneoka K. Consensus statement on the methodology of injury and illness
surveillance in FINA (aquatic sports). Br J Sports Med 50(10): 590-596, 2016.
Mujika I. Quantification of training and competition loads in endurance sports: methods and
applications. Int J Sports Physiol Perform 12(s2): S2-9, 2017.
Murray NB, Gabbett TJ, Townshend AD, Hulin BT, McLellan CP. Individual and combined
effects of acute and chronic running loads on injury risk in elite Australian footballers. Scand J
Med Sci Sports 27(9): 990-8, 2017.
NBA (2020). https://ca.global.nba.com/players/stats/#!/kawhi_leonard
Nedelec M, Mccall A, Carling C, Legall F, Berthoin S, Dupont G. The influence of soccer playing
actions on the recovery kinetics after a soccer match. J Strength Cond Res 28(6): 1517-1523, 2014.
Nightingale, S., & Douglas, A. Ice Hockey. In Routledge Handbook of Strength and Conditioning.
Routledge, London, UK, 157-177, 2018
Nyman DLE & Spriet LL. External training demands in women’s varsity rugby union with players
quantified by wearable microtechnology with individualized speed thresholds. J Strength Cond
Res. Published ahead of print, 2021.
O’Brien J, Finch CF, Pruna R, McCall A. A new model for injury prevention in team sports: the
Team-sport Injury Prevention (TIP) cycle. Science and Medicine in Football 3(1): 77-80, 2019.
Ogris G, Leser R, Horsak B, Kornfeind P, Heller M, Baca A. Accuracy of the LPM tracking system
considering dynamic position changes. J Sports Sci 30(14): 1503-11, 2012.
Palmer MS & Spriet LL. Sweat rate, salt loss, and fluid intake during an intense on-ice practice in
elite Canadian male junior hockey players. Appl Physiol Nutr Metab 33(2): 263–271, 2008.
Perez J, Guilhem G, Brocherie F. Reliability of the force-velocity-power variables during ice
hockey sprint acceleration. Sports Biomech 1-5, 2019

116

Pilotti-Riley A, Stojanov D, Arif MS, McGregor SJ. Video corroboration of player incurred
impacts using trunk worn sensors among national ice-hockey team members. PLoS one 14(6):
e0218235, 2019.
Pino-Ortega J & Rico-González M. Review of ultra-wide band in team sports. In UWB
Technology. IntechOpen. Published ahead of print, 2020.
Polglaze T, Dawson B, Hiscock DJ, Peeling P. A comparative analysis of accelerometer and timemotion data in elite men’s hockey training and competition. Int J Sports Physiol Perform 10(4):
446–451, 2015.
Rakovic E, Paulsen G, Helland C, Haugen T, Eriksrud O. Validity and reliability of a robotic sprint
resistance device. J Strength Cond Res. Published ahead of print, 2020.
Rampinini E, Alberti G, Fiorenza M, Riggio M, Sassi R, Borges T, Coutts A. Accuracy of GPS
devices for measuring high-intensity running in field-based team sports. Int J Sports Med 36(1):
49-53, 2015.
Reardon C, Tobin DP, Delahunt E. Application of individualized speed thresholds to interpret
position specific running demands in elite professional rugby union: a GPS study. PloS One 10(7):
1-2, 2015.
Reina Román M, García-Rubio J, Feu S, Ibáñez SJ. Training and competition load monitoring and
analysis of women's amateur basketball by playing position: approach study. Front Psych 9: 2689,
2019.
Rhodes J, Mason B, Perrat B, Smith M, Goosey-Tolfrey V. The validity and reliability of a novel
indoor player tracking system for use within wheelchair court sports. J Sports Sci 32(17): 163947, 2014.
Salazar H, Svilar L, Aldalur-Soto A, Castellano J. Differences in weekly load distribution over
two Euroleague seasons with a different head coach. Int J Environ Res Pub Health 17(8): 2812,
2020.
Saw AE, Main LC, and Gastin PB. Monitoring the athlete training response: Subjective selfreported measures trump commonly used objective measures: A systematic review. Br J Sports
Med 50(5): 281–291, 2016.
Sawka MN, Burke LM, Eichner RE, Maughan RJ, Montain SJ, Stachenfeld NS. American College
of Sports Medicine position stand: exercise and fluid replacement. Med Sci Sports Exerc 39: 377–
390, 2007.
Scanlan AT, Wen N, Tucker PS, Dalbo VJ. The relationships between internal and external
training load models during basketball training. J Strength Cond Res 28(9): 2397-405, 2014.

117

Schwellnus M, Soligard T, Alonso JM, Bahr R, Clarsen B, Dijkstra HP, Gabbett TJ, Gleeson M,
Hägglund M, Hutchinson MR, Van Rensburg CJ. How much is too much? (Part 2) International
Olympic Committee consensus statement on load in sport and risk of illness. Br J Sports Med
50(17): 1043-52, 2016.
Scott MT, Scott TJ, & Kelly VG. The validity and reliability of global positioning systems in team
sport: a brief review. J Strength Cond Res 30(5): 1470-1490, 2016.
Serpiello FR, Hopkins WG, Barnes S, Tavrou J, Duthie GM, Aughey RJ, Ball K. Validity of an
ultra-wideband local positioning system to measure locomotion in indoor sports. J Sports Sci
36(15): 1-7, 2017.
Seshadri DR, Li RT, Voos JE, Rowbottom JR, Alfes CM, Zorman CA, Drummond CK. Wearable
sensors for monitoring the internal and external workload of the athlete. NPJ digital medicine 2(1):
1-8, 2019.
Sheppard JM, Gabbett TJ, Stanganelli LC. An analysis of playing positions in elite men’s
volleyball: considerations for competition demands and physiologic characteristics. J Strength
Cond Res 23(6): 1858-1866, 2009.
Soligard T, Schwellnus M, Alonso JM, Bahr R, Clarsen B, Dijkstra HP, Gabbett T, Gleeson M,
Hägglund M, Hutchinson MR, van Rensburg CJ. How much is too much? (Part 1) International
Olympic Committee consensus statement on load in sport and risk of injury. Br J Sports Med
50(17): 1030-41, 2016.
Stetter BJ, Buckeridge E, Nigg SR, Sell S, Stein T. Towards a wearable monitoring tool for infield ice hockey skating performance analysis. Eur J Sport Sci 19(7): 893-901, 2019.
Stevens TG, de Ruiter CJ, van Niel C, van de Rhee R, Beek PJ, Savelsbergh GJ. Measuring
acceleration and deceleration in soccer-specific movements using a local position measurement
(LPM) system. Int J Sports Physiol Perform 9(3): 446-56, 2014.
Takamori S, Hamlin MJ, Kieser DC, King D, Hume P, Yamazaki T, Hachiya M, Olsen PD. Senior
club-level rugby union player's positional movement performance using individualized velocity
thresholds and accelerometer-derived impacts in matches. J Strength Cond Res Online ahead of
print, 2020. doi: 10.1519/JSC.0000000000003523. PMID: 32168074.
Taylor K, Chapman D, Cronin J, Newton MJ, Gill N. Fatigue monitoring in high performance
sport: a survey of current trends. J Aust Strength Cond 20(1): 12-23, 2012.
Taylor JB, Ford KR, Nguyen AD, Terry LN, Hegedus EJ. Prevention of lower extremity injuries
in basketball: a systematic review and meta-analysis. Sports Health 7(5): 392-8, 2015.
Taylor R, Sanders D, Myers T, Abt G, Taylor C, Akubat I. The dose-response relationship between
training load and aerobic fitness in academy rugby union players. Int J Sports Physiol Perform 13:
163-9, 2017.

118

Thomas DT, Erdman KA, Burke LM. Position of the Academy of Nutrition and Dietetics,
Dietitians of Canada, and the American College of Sports Medicine: nutrition and athletic
performance. J Acad Nutr Diet 116(3): 501–528, 2016.
Thompson KM, Safadie A, Ford J, Burr JF. Off-ice resisted sprints best predict all-out skating
performance in varsity hockey players. J Strength Cond Res. Published ahead of print, 2020. doi:
10.1519/JSC.0000000000003861. PMID: 33136771.
Timpka T, Alonso JM, Jacobsson J, Junge A, Branco P, Clarsen B, Kowalski J, Mountjoy M,
Nilsson S, Pluim B & Renström P. Injury and illness definitions and data collection procedures for
use in epidemiological studies in Athletics (track and field): consensus statement. Br J Sports Med
48(7): 483–90, 2014.
Townshend AD, Worringham CJ, Stewart IB. Assessment of speed and position during human
locomotion using nondifferential GPS. Med Sci Sports Exerc 40(1): 124–132, 2008.
Trevethan R. Intraclass correlation coefficients: clearing the air, extending some cautions, and
making some requests. Health Serv Outcomes Res Methodol 17(2): 127-143, 2017.
Twist C, Highton J, Daniels M, Mill N, Close G. Player responses to match and training demands
during an intensified fixture schedule in professional rugby league: A case study. Int J Sports
Physiol Perform 12(8): 1093-9, 2017.
Van Iterson EH, Fitzgerald JS, Dietz CC, Snyder EM, Peterson BJ. Reliability of triaxial
accelerometry for measuring load in men's collegiate ice hockey. J Strength Cond Res 31(5): 13051312, 2017.
Van Mechelen W, Hlobil H, Kemper HC. Incidence, severity, aetiology and prevention of sports
injuries. Sports Med. 14(2): 82-99, 1992.
Varley MC, Fairweather IH, Aughey RJ. Validity and reliability of GPS for measuring
instantaneous velocity during acceleration, deceleration, and constant motion. J Sports Sci 30(2):
121–127, 2012.
Vigh-Larsen JF, Ermidis G, Rago V, Randers MB, Fransson D, Nielsen JL, Gliemann L, Piil JF,
Morris NB, De Paoli FV, Overgaard K. Muscle metabolism and fatigue during simulated ice
hockey match-play in elite players. Med Sci Sports Exerc 52(10): 2162-71, 2020.
Viru A, Viru M. Nature of training effects. In: Garrett WE Jr, Kirkendall DT, eds. Exercise and
sport science. 1st edn. Philadelphia: Lippincott Williams and Wilkins, 67–96, 2000.
Whitehead PN, Conners RT, Shimizu TS. The effect of in-season demands on lower-body power
and fatigue in male collegiate hockey players. J Strength Cond Res 33(4): 1035-42, 2019.

119

Williams S, West S, Cross MJ, Stokes KA. Better way to determine the acute: chronic workload
ratio? Br J of Sports Med. 51(3): 209-10, 2017.
Windt J, Gabbett TJ. How do training and competition workloads relate to injury? The workload—
injury aetiology model. Br J Sports Med 51(5): 428-35, 2017.
Wing C. Monitoring athlete load: Data collection methods and practical recommendations.
Strength Cond J 40(4): 26-39, 2018.

120

