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Editorial on the Research Topic

Health and Performance Assessment in Winter Sports

Recent developments in technology and engineering have provided novel solutions for monitoring
health and performance, as well as assessing key variables that would not have been easily
accessible a few years ago. Options include digital solutions for collecting self-reported data on
physical activity, recovery, psychological readiness, or injury (Düking et al., 2018), measurement
technologies for quantifying physiological variables (Khundaqji et al., 2020), wearable sensors for
motion analysis (Sperlich et al., 2020), and technology-based approaches for performance and
load quantification (Lutz et al., 2019). Moreover, customized algorithms and data analytics help
to extract and visualize relevant metrics for effective coaching and athletes’ health protection
(Rommers et al., 2020).

A close relationship between engineers, coaches, sports scientists, and medical professionals
ensures the success of healthy sporting activity and the sustainable long-term development of
athletes throughout their careers. This is especially true for winter sports and youth athletes.
On the one hand, the assessment of health and performance in winter sports is a permanent
challenge and, from a technological point of view, particularly difficult. Winter sports take place
under extreme and hardly standardisable outdoor conditions. Therefore, various research is done
in laboratory situations (e.g., ski simulators, ski ergometers, imitation movements of winter sports-
specific motions, etc.). However, in many cases, there is an evident need to bring the lab to the field
and assess health and performance-related aspects within representative real-life settings (Spörri
et al., 2016). On the other hand, youth athletes need special care because they are particularly
susceptible to the long-term consequences of sports participation and injuries during phases of
biological maturation and rapid musculoskeletal growth (Schoeb et al., 2020). However, there is
great potential in young athletes being more familiar with digitalization and consequently better
able to use new technologies.

Accordingly, the main objective of our Research Topic entitled “Health and Performance
Assessment in Winter Sports” was to emphasize the relationship between health, performance,
and technology, and to highlight current challenges in the design of innovative measuring
systems, wearable sensors, and assessment protocols for examining and monitoring health
and performance in sports like Freestyle, Alpine, Nordic and Paralympic skiing. It was
also intended to compile research articles focusing on the application of digitalization and
technology in the context of performance enhancement, injury prevention, and rehabilitation.
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CURRENT TRENDS OF HEALTH AND
PERFORMANCE ASSESSMENT IN WINTER
SPORTS

Recent advances in digitization and measurement technology
have also influenced youth and elite winter sports. Current
trends of health and performance assessment can be summarized
as: (1) new technologies and approaches for motion analysis
with a clear tendency toward wearables, large capture volumes
and long-term assessments (Supej, 2010; Gilgien et al., 2013,
2015; Fasel et al., 2017a,b; Spörri et al., 2017; Fasel et al., 2018;
Gløersen et al., 2018a,b; Takeda et al., 2019; Neuwirth et al.,
2020); (2) digital data collections, interdisciplinary/integrative
measurement setups, advanced signal processing and state-of-
the-art data analytics such as machine learning in connection
with performance assessment and enhancement (Rindal et al.,
2017; Jang et al., 2018; Losnegard et al., 2019; Ostrek et al.,
2019; Skattebo et al., 2019; Heinrich et al., 2020; Solli et al.,
2020); (3) mobile Health (mHealth) applications, supporting
engineering solutions, and technology-based athlete screening
in the context of injury/illness surveillance and prevention
(Steenstrup et al., 2018; Schindelwig et al., 2019; Ellenberger et al.,
2020a,b; Franchi et al., 2020; Fröhlich et al., 2020; Hermann and
Senner, 2020); and (4) comprehensive monitoring/test protocols,
and the objectification of clinical criteria in the return-to-sport
context (Jordan et al., 2015a,b; Jordan et al., 2018; Csapo et al.,
2019).

Fully in line with these current trends, our Research Topic
on “Health and Performance Assessment in Winter Sports”
compromises a total of 13 research articles, all of which can
be assigned to one of the trend areas mentioned above (see
Table 1). Of these articles, 11 were original research articles, one
a perspective and one a methods article. Most articles were cross-
sectional observations, while there were only three articles based
on other study designs (one case study, one intervention study,
and one literature review).

With respect to new technologies and approaches, Martinez,
Brunauer et al. developed and validated a gyroscope-based
ski turn detection algorithm for an on-snow application
under various conditions. For many health and performance-
related applications in alpine skiing, an exact determination
of separate turn cycles is key (Spörri et al., 2012, 2018). An
alternative, vertical ground-reaction force(GRF)-based approach
was investigated in Martinez, Nakazato et al. In their study,
they compared different functional definition criteria, as well
as portable force platforms vs. pressure insoles for the
determination of turn switches during alpine skiing. Supej
et al. summarized the current state of scientific knowledge
on methodological and practical aspects of the assessment
of alpine skiing performance by Global Navigation Satellite
Systems (GNSS) and stimulated future perspectives on the topic.
GNSS-based performance assessments have been widely used in
research on alpine and cross-country skiers (Supej, 2010; Gilgien
et al., 2013, 2015; Gløersen et al., 2018a), and many skiing teams
already employ GNSS technology in their daily training and
equipment testing routines. Thus, in combination with advanced

computer software, they are a good example of how the digital
revolution has also taken hold in winter sports.

With regard to performance assessment and enhancement, the
current Research Topic offers a broad spectrum of digitalization
and technology-driven sample applications in the fields of
alpine skiing, cross-country skiing, and biathlon. Alhammoud
et al. and Bruhin et al. for example, have used state-of-
the-art wearable measurement technologies to analyse the
racecourse (e.g., course setting, steepness, etc.) and motion
patterns/performance characteristics (e.g., joint angles, speed,
time per turn, turn phases, etc.) of competitive alpine skiers
at all levels and within different alpine disciplines. Moreover,
Reid et al. used a complex video-based 3D kinematic analysis
to quantify the ski motion characteristics during alpine
slalom skiing and compare these measures with theoretical
predictions based on ski geometry. Two interesting application
examples of integrative measurement setups that use combined
interdisciplinary research approaches (such as biomechanics
and physiology), are the study on the influence of sitting
posture on the sit-skiing economy by Lajunen et al. and the
study on the determinants of biathlon competition performance
by Luchsinger et al. Finally, Steidl-Müller et al. investigated
whether the relative age effect in youth competitive alpine skiing
changed over the last decade; a comprehensive analysis with the
data of more than 1,400 athletes, which benefits from today’s
digitalization in competitive sports.

In the context of injury/illness surveillance and prevention,
the study by Doyle-Baker and Emery presented some interesting
new data on physical activity, injury, and illness among
adolescent skiers. Despite all technological advances and
booming mHealth applications, trustworthy information
provided by athletes and self-reported data from various
stakeholders of the sport remains an important pillar for
load management and injury registration. This also applies
to the study by Westin et al. who evaluated a sports-specific
anterior cruciate ligament (ACL) injury prevention programme
based on a systematic injury monitoring system, installed
at Swedish ski high schools. In their study, they reported a
promising 45% reduction in the incidence rate of ACL injuries
among young competitive alpine skiers when a prevention
program consisting of neuromuscular exercise was implemented.
Additionally, the review by Hanstock et al. aimed to provide
an overview of pathophysiological responses to exercise at
sub-zero temperatures and identify the potential of heat-and-
moisture-exchanging breathing devices to prevent airway
pathophysiological responses to cold air exercise.

In terms of return-to-sport, this Research Topic is
complemented by the case study of Jordan et al. which presented
a detailed analytical framework for return-to-sport training and
neuromuscular testing used in an elite female alpine ski racer
following ACL reconstruction. Interestingly, the authors reported
that functional and strength deficits persisted up to 18 months

post-surgery; a fact that further supports the use of an athlete

monitoring approach that tracks them throughout the return-to-

sport/return-to-performance transitions, rather than a discrete
timepoint clearance approach. In this context, technology has
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TABLE 1 | Overview of the published research articles categorized by area, winter sports, article type/study design, and subjects.

Area Winter sports Article type/Study design Subjects References

New technologies and approaches

Gyroscopes for turn switch detection Alpine skiing Original research

article/cross-sectional study

n = 11 Martinez, Brunauer et al.

Pressure insoles vs. force plates for turn

switch detection

Alpine skiing Original research/cross-sectional

study

n = 20 Martinez, Nakazato et al.

GNSS for performance analysis (skier

kinematics)

Alpine skiing Perspective article/literature

review

n/a Supej et al.

Performance assessment and enhancement

Discipline-dependent knee and hip joint

kinematics using electro-goniometers

Alpine skiing Original research

article/cross-sectional study

n = 20 Alhammoud et al.

Level-, course and terrain-dependent

performance analysis by GNSS

Alpine skiing Original research

article/cross-sectional study

n = 57 Bruhin et al.

Effect of sitting posture on sit-skiing economy

based on an interdisciplinary/integrative

measurement set-up

Paralympic

Cross-Country skiing

Original research article/cross

sectional study

n = 10 Lajunen et al.

Determinants of competition performance

based on an interdisciplinary/integrative

measurement set-up

Biathlon Original research

article/cross-sectional study

n = 11 Luchsinger et al.

Skier technique and tactic analysis by

video-based 3D kinematics

Alpine skiing Original research

article/cross-sectional study

n = 6 Reid et al.

Relative age effect in youth competitive alpine

skiers based on a comprehensive database

Alpine skiing Original research

article/cross-sectional study

n = 1,466 Steidl-Müller et al.

Injury/illness surveillance and prevention

Self-reported physical activity, injury, and by

using an online questionnaire

Alpine skiing Original research

article/cross-sectional study

n = 96 Doyle-Baker and Emery

Exercise in the cold with special focus on

heat-and-moisture-exchanging breathing

devices

Cross-Country skiing Original research

article/cross-sectional study

n/a Hanstock et al.

Evaluation of a sports-specific injury

prevention program based systematic injury

monitoring system

Alpine skiing Original research

article/intervention study with

historical controls

n = 736 Westin et al.

Return-to-sport

Monitoring the return-to-sport transition after

ACL injury by digital self-reporting and

neuromuscular testing

Alpine skiing Methods article/case study n = 1 Jordan et al.

GNSS, Global Navigation Satellite Systems; 3D, Three-dimensional; ACL, anterior cruciate ligament.

great potential for the development of standardized and reliable
neuromuscular assessment protocols and objective criteria.

WHERE TO GO FROM HERE?

Given these general trends, new research articles, and the
current state of scientific knowledge on health and performance
assessment in winter sports, there are challenges that need to be
addressed in the future.

New Technologies and Approaches in
General
• To be attractive for sports practitioners, new technologies

and engineering solutions should be easy to use/calibrate
and not hinder athletes with cumbersome multiple sensors,
fixations, and connections. Ideally, sensors and electronics
should be integrated or simply fixed into the athletes’
standard equipment.

• However, industry and end-users must care about the
objectivity, validity, and reliability of the technology applied.
For effective decision-making in coaching and clinical
practice, imprecise or even incorrect information can be worse
than no additional information.

Health and Performance Assessment
• New technologies and approaches should be used for

providing evidence, not to confirm single observations and
personal beliefs.

• A systematic and longitudinal collection of data is crucial.
Here proceeding digitalization and technological development
will help.

• Drawing practically relevant conclusions from a wealth of data
(information) through data analytics (knowledge) will be one
of our greatest challenges in the near future. In this context,
the ongoing digitalization and new technological trends may
provide significant support.
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• An integrative fusion of different technologies and
disciplines (e.g., biomechanics, physiology, psychology)
will most likely become the new state-of-the-art
in terms of health and performance assessment in
winter sports.
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Several methodologies have been proposed to determine turn switches in alpine skiing.

A recent study using inertial measurement units (IMU) was able to accurately detect

turn switch points in controlled lab conditions. However, this method has yet to be

validated during actual skiing in the field. The aim of this study was to further develop

and validate this methodology to accurately detect turns in the field, where factors such

as slope conditions, velocity, turn length, and turn style can influence the recorded data.

A secondary aim was to identify runs. Different turn styles were performed (carving long,

short, drifted, and snowplow turns) and the performance of the turn detection algorithm

was assessed using the ratio, precision, and recall. Short carved turns showed values of

0.996 and 0.996, carving long 1.007 and 0.993, drifted 0.833 and 1.000 and snowplow

0.538 and 0.839 for ratio and precision, respectively. The results indicated that the

improved system was valid and accurate for detecting runs and carved turns. However,

for drifted turns, while all the turns detected were real, some real turns were missing.

Further development needs to be done to include snowplow skiing.

Keywords: carving, drifted turns, IMU, sensor, ski

INTRODUCTION

Turn detection in alpine skiing has been a topic of growing interest over the last 15 years.
Turns are the basic unit required for detailed analysis or interpretation of skiing data such as
edge angle, symmetry, or turn phases (Müller and Schwameder, 2003; Spörri et al., 2012; Supej
et al., 2013; Hébert-Losier et al., 2014). Thus, it is essential to determine when each turn begins
(Spörri et al., 2012). Several sensor configurations and methodologies have been proposed to define
turn switches. For example, the crossing point between the center of mass (CoM) and the ski
trajectories (Supej et al., 2003), the minimum ground reaction force (Nakazato et al., 2011), the
instant when the vertical distance of the right ankle joint and left ankle joint to CoM vectors are
equal (Fasel et al., 2016b) and the deflection point of the CoM trajectory (Gilgien et al., 2018).
Although those methodologies are useful for turn detection, they present some disadvantages
that make them not feasible for use on a regular basis. These methods require time consuming
preparation, labor-intensive post processing, or alterations in the athlete comfort that make them
disadvantageous for regular in-field use.
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Inertial measurement unit (IMU) sensor technology has been
proposed as a promising alternative approach (Gouwanda and
Senanayake, 2008; Fasel et al., 2016b; Yu et al., 2016; Martínez
et al., 2019). Smartphones are already used to collect, receive,
store, and analyze data collected by wireless sensors, which have
progressively become smaller and longer lasting (Kranz et al.,
2013; Bondaronek et al., 2018). Based on this development,
inquiries are no longer limited to single or double turns, a
limitation of some methodologies (Supej et al., 2003; Spörri
et al., 2012). Currently, it is possible to perform data collection
over longer runs, implementing IMU technologies into the
skier’s equipment.

Recently, there have been some studies proposing turn
detection systems based on simple IMU configurations. Those
methodologies are unobtrusive for the athlete avoiding possible
alterations in the data related to comfort or technique
modification. Yu et al. (2016) placed several IMUs on a single
elite skier during part of routine on-slope training for giant
slalom and 48 turns were assessed. They computed the angle
of each IMU roll axis relative to the vertical to count turns
and concluded that the best placements for the IMUs were the
pelvis, shank, and foot. Although the system was able to count
turns properly, they did not report the turn switch points. A
second method was developed with the goal of counting and
differentiating right and left turns. Jones et al. (2016) proposed
a machine learning approach. They placed a customized sensor
consisting on an accelerometer and a gyroscope below the skier’s
knee. After training the system,∼87% of the turns were detected.
Similar to the previous method, this approach aimed only to
count turns, not define turn switch point. Both methods were
only developed and tested on single skiers. Another methodology
was proposed by our research group (Martínez et al., 2019) and
was based on two IMUs, placed on the upper cuff of each ski
boot. The study was performed in a laboratory environment
using a ski-ergometer. The algorithm developed was based on the
gyroscope signal and detected turn switch points with a precision
of ± 0.03 s. It was hypothesized that this methodology would
work for all parallel skiing styles (i.e., carving and drifted turns
in all radii), while previous methodologies had focused mostly on
slalom or giant slalom race conditions (Supej et al., 2003; Ulrich
et al., 2015; Yu et al., 2016). However, this method has not been
validated during actual skiing in the field [with the exception of
the reported one participant pilot (Martínez et al., 2019)].

Methods such as the aforementioned, allow for extended
data collection. As the amount of data collected grows, it
seems appropriate to differentiate not only between turns but
also between runs since skiing usually consists on multiple
sequences of turns. This would allow for a better organization and
classification of the data, and potentially for real time analysis. To
our knowledge, there is a lack of methodologies to automatically
segment ski runs based on non-obtrusive methodology.

The validation of the algorithm used in this study was based on
the accurate detection of each turn. Hence, the goals of this study
were 2-fold, (1) to further develop and validate the algorithm of
Martínez et al. (2019) in field conditions including different turn
styles and lengths, and (2) to automatically detect and segment
turn sequences.

MATERIALS AND METHODS

For the validation and development of the turn detection
algorithm, an experiment was designed where an IMU was
attached to each ski boot (Martínez et al., 2019) and a camera
placed on the chest to serve as a reference. The turn styles
assessed were: carving long, carving short, drifted turns and
snowplow steering. Participants were instructed to perform
long turns over an 8m corridor, approximately defined by
the width of two snow groomer tracks, and short turns
within a 4m corridor, approximately defined by one groomer
width. This provided a consistent reference for turn size,
without explicitly controlling or defining turn size or shape.
Each participant performed a turn sequence including at least
10 turns for each skiing style. The test slope was a red
slope (#1) at Mölltaler Glacier in Flattach, Austria, which is
steeper in the upper half and moderate in the lower half.
Two skiing styles were performed within each run. The first
run included carving short on the upper half and carving
long on the lower half; while the second run consisted on
drifted turns on the upper half and snowplow steering on the
lower half. The algorithm development process consisted of
several evaluation—development iterations where weaknesses
were evaluated, adjusted, and tested again.

Participants
Eleven male expert skiers (Mean ± SD: Age 26.2 ± 5.9
year; Height = 179.4 ± 5.9 cm; Mass = 77.0 ± 5.4 kg)
volunteered for the study. All participants were expert skiers,
with experience as ski racers or ski instructors. Before the
measurements were conducted, they were informed in detail
about the testing procedure, as well as possible benefits and risks
of the investigation prior to signing the consent form approved by
the local Ethics Committee (EK-GZ: 11/2018). The experiment
was conducted in accordance with the Declaration of Helsinki.

Instruments
An IMU (LSM6DS3, 2.5 × 3 × 0.83mm, ± 8 g and ± 500
dps full scale, STMicroelectonics, Amsterdam, Netherlands) was
placed in the back of the upper cuff of each boot (Hawx
130, Atomic, Altenmarkt, Austria). The X axis of the IMU
was aligned with the vertical axis of the boot (yaw) pointing
superiorly, the Y with the lateral axis (pitch) pointing to
the left, and the Z with the anterior-posterior axis (roll)
pointing posteriorly (Figure 1). The IMU was fixed using a
tight elastic strap and a customized rigid housing to avoid
movement or misalignments. Angular velocities from the
gyroscope signals were collected at 833Hz, analog and digital
low-pass filters were applied directly by the IMU after A/D
conversion, and the signal was forwarded via Bluetooth at
64Hz. The sensor data was collected and stored by an in-
house smartphone application (SkiSense App, Salzburg Research,
Salzburg, Austria).

In order to define reference turn switch points and determine
the proper detection of turns (e.g., real turns not detected
or turns erroneously detected), all runs were recorded with
a camera (Hero4 Session, GoPro, San Mateo, CA, USA) with
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FIGURE 1 | Definition of axes. The positive roll axis is parallel to the ski’s

surface pointing posteriorly.

a sampling rate of 25Hz. The camera was placed on the
skiers’ chests using an adjustable chest harness, and positioned
such that the field of view included both skis, boots and the
surrounding area.

Data Preparation
Video data was analyzed by experienced raters, labeling relevant
events or context, such as turn switch point, turn direction, or
jump. Turn switch points in the video analysis were defined as
the frames where the surfaces of the skis were flat on the ground.
Video and sensor data were synchronized using a jump event at
the beginning and end of each trial. The jumps were detected
in the vertical axis of the accelerometer and synchronized with
the frame at landing. For validation, the actual turns obtained
by the video analysis and the number of detected turns were
used. The detected turns were computed by applying the turn
detection algorithm (Martínez et al., 2019) to the sensor data
(see Figure 2).

Evaluation Design
In order to validate the turn detection algorithm, three
performance metrics were implemented: (1) ratio, (2) turn count
precision, and (3) recall (see below). All steps of evaluation
(i.e., data acquisition, video analysis, signal evaluation) were
conducted in a blinded procedure.

• Ratio: the quotient between the number of turns detected by
the algorithm and the number of turns labeled in the video
data (see Figure 2). If the ratio is >1, the turn detection
algorithm overestimates the number of actual turns, and vice
versa. A ratio of one means that the number of detected turns
and actual turns are the same, indicating a good performance
of the turn detection. However, it does not indicate if all the

FIGURE 2 | Data flow from field measurements to data used for the validation

and performance metrics. Determination of the ratio between the number of

turns detected and actual turns and computation of the metrics used to

calculate precision and recall.

detected turns were real turns, since only the number of turns
is evaluated.

• Turn count precision (P): the proportion of turns detected by
the algorithm that are actual turns (see Equation 1).

• Recall (R): the proportion of actual turns detected by the turn
detection algorithm (see Equation 2).

In all metrics a value of 1 means a perfect performance.
To calculate the turn count precision and recall values, the

following metric were determined (Figure 2):

• True positives are determined by a detected turn that was
an actual turn (based on video). A correct detection is
characterized by the correct turn direction (either left or right
turn) and by the difference in time between the detected and
the actual timestamp. If the time difference is smaller than
half the mean duration of actual turns (for a run), it is a
true positive.

• False positives reflect the number of detected turns that are not
actual turns.
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FIGURE 3 | Two examples of the roll signal ωroll (gray) and decision signal ωds (black) of ski runs with several carving turns (A) and short turns (B). The markers show

local extrema; the black circles represent turn switches and the red squares are artifacts to be recognized and discarded.

• False negatives are the number of actual turns that are not
detected by the turn detection algorithm.

P = TP • (TP + FP)−1 (1)

R = TP • (TP + FN)−1 (2)

Where P is the turn count precision, TP the true positives, FP the
false positives, R the recall and FN the false negatives.

Algorithm Development
The purpose of the following algorithm was to determinate
turn switches and sequences of parallel skiing turns. To keep
the algorithm simple, it was assumed that a turn switch is a
single point in time where both skis change from the uphill to
downhill set of edges simultaneously. The performance metrics
and video recordings were used to evaluate the performance of
the current algorithm iteration (see section Evaluation design)
and detect weaknesses.

The starting point was the evaluation of the algorithm
developed under laboratory conditions by Martínez et al. (2019).
Matlab (R2017B, MathWorks, Natick, MA, USA) and R (3.5.1,
R Core Team, Auckland, New Zealand) were used to test and
develop the algorithm. The roll axis (z) of the gyroscope signal
from the left leg ωl

roll
and right leg ωr

roll
[rad/s] were used as

input signal to calculate the turn switch points (Figure 1). High
rotation rates (angular velocity) in the roll axis can have different
causes (e.g., turning or skating). To restrict high rates to parallel
turns, the arithmetic mean of both sides ωroll smooths unilateral
rotations. In the next step, a fourth-order zero-lag 0.5Hz low-
pass Butterworth (BW) (Martínez et al., 2019) was applied to
produce a decision signal (ωds) that describes the rotation rate
in the roll axis (Figure 3).

Figure 3 shows the local extrema in the two exemplary
decision signals ωds = BW0.5(−ωroll). The left graph shows a
sequence of nine carving turns (mean ± SD; turn duration of
2.97 ± 0.43 s), the right graph a sequence of 16 short turns (turn

duration 1.04 ± 0.41 s). The minus before ωroll flips the positive
direction to anterior in agreement with the movement direction.
The extrema indicate possible turn switches, whereby the sign of
a value in ωds determines the turn direction. As Figure 3 shows,
local extrema are not necessarily caused by turn switches (red
dots). There are other causes, especially when the signal oscillates
with small amplitudes around zero after the skier has stopped.
Furthermore, the constant cut-off frequency of 0.5Hz is a trade
off between damping the rotation rate of short turns too much
and fostering artifacts (red dots/local extrema within turns) in
long turns. Thus, as a next step, the algorithm goes through
the sequence of all local extrema and labels each local extrema
(Figure 4):

• Switch: This kind of local extrema indicates actual turn
switches from left to right or right to left.

• Noise: Local extrema that happen within a turn are called
noise. If a skier performs turns with longer duration (e.g.,
slowly skidded parallel turns or carving turns with a long stable
edge angle), the decision signal ωds shows some artifacts as
saddle points or small counter oscillations (Figure 4, green
dots). These artifacts result in local extrema which are “within
a turn” and do not indicate an actual turn switch.

• Eliminated: All other local extrema must be eliminated from
the algorithm. These extrema are “outside a turn” and caused
by small oscillations when the skier is not turning. For
example, waiting, walking, or skiing straight downhill. The
eliminated extrema are used to define the beginning and end
of turn sequences.

Several heuristic rules were used for the labeling process:

1) Switch: Look at each pair of two consecutive local extrema:
If two consecutive local maxima have a high rotation rate in
abs(ωds), opposite sign and a time distance >0.3 s and smaller
than 5.0 s then label both as switch.

2) Noise: Look at each sequence of four consecutive local
extrema: If both outer extrema fulfill rule 1 and both inner
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local extrema not and if the rotation rates in abs(ωds) of the
inner are smaller than the outer then label both inner as noise.

3) Eliminated:

(a) Look at each local extrema: If it is not labeled as switch or
noise and if the rotation rate is smaller than a threshold
then label as eliminated.

(b) Look at each local extrema: If it is not labeled as switch,
noise or eliminated and if it has the same sign in ωds as its
predecessor then label as eliminated.

(c) Look at each local extrema: If it is not labeled as switch,
noise, or eliminated apply a decision tree (see below) to
label it as eliminated or not.

(d) Look at each local extrema: If it is not labeled as switch,
noise or eliminated and if the predecessor and successor
are eliminated then label as eliminated.

4) Remaining: Look at each local extrema: If it is not labeled as
switch, noise, or eliminated then label as switch.

Decision tree (3c): the goal of the machine learning task was to
obtain a simple rule that removes all remaining local extrema
outside a turn sequence because these local extrema should have
the label eliminated. If we do not have such a rule, rule 4 cannot
be applied. A decision tree was trained by means of machine
learning. The intent of the decision tree was to discriminate for
each local extrema between the classes within a turn sequence or
not-eliminated and outside a turn sequence or eliminated. Data
were labeled by manually defining the time ranges of the turn
sequences, and a cross-validation was used to avoid overfitting
the decision tree. Obvious features as ωr

roll
, ωl

roll
, ωroll, ωds,

ωds (change in angular velocity between two consecutive local
extrema), its absolute values abs (ωds) and t were used to search
the most expressive features. The result was the decision tree:
abs (ωds) ≤ θ1 ∧ t ≤ θ2 → eliminated. That means that the
absolute value ωds and the t (time between two consecutive local
extrema) were identified by the machine learning task as most
expressive. The variables θ1 and θ2 are the modeling parameters
of the machine learning model thresholds.

The result of the previous step is a turn sequence (TS)
of labeled local extrema TSds,n((tn,ωds(tn), ln))n∈N. Next, the
algorithm derives the turns (tstart , tend, d, s) from the sequence

TSds,n. The timestamps tstart and tend are the start and the end of
a turn (turn switch points), the value d ∈ {left, right} indicates

turn direction and s∈ N is the number of the turn sequence

to which the turn belongs (Figure 5). The value of d depends
on the orientation of positive roll axis. Figure 1 shows a right-

handed coordinate system with positive roll axis in the posterior

direction. Thus, local maxima (positive rotation) indicate turn

switches from left to right and local minima (negative rotation)
from right to left. A continuous alternating sequence of turns is

given, if tend,i−1 = tstart,i respectively if the end of turn i − 1

is the start of turn i, then si = si−1. If tend,i−1 6= tstart,i, then
turn i starts a new turn sequence and si = si−1 + 1 (Figure 5).
The start value of s1 is 1. To determine the sequence of turns
Tds,m((tstart,m, tend,m, dm, sm))m∈N (m < n), the algorithm iterates
through the sequence and merges consecutive extrema with label
switch to a turn if and only if they are no interruptions from local

FIGURE 4 | The graph shows the proposed three types of labels for local

extrema. Local extrema which are labeled as switch are black circles and

additionally highlighted by the gray vertical line. The red squares represent

local extrema with label eliminated and the green rhomboids outlines those

with label noise. The average turn duration in this example is 2.97s and is

longer than in Figure 3.

extrema with label eliminated. This rule produces a continuous
turn sequence with tend,i−1 = tstart,i. Local extrema with label
noise (per definition “within turn”) were ignored because they
do not interrupt a turn. Eliminated local extrema (per definition
“outside turn”) indicate an interruption of a consecutive turn
sequence and causes tend,i−1 6= tstart,i and si = si−1 + 1.
The previous heuristic rules ensure that in a turn sequence
each switch is followed by a switch with opposite sign, even in
case were local extrema with label noise are between. A strict
alternation of the sign is necessary because otherwise there is no
alternation of left and right turns, which is not obvious.

The decision signal is a strongly smoothed signal. The
rotation rates represent the general rotation behavior of (parallel)
turning during skiing. The degree of smoothing between raw
and decision signal can be observed in Figures 4, 6A. To
determine the turn switches more accurately, a higher cut-
off frequency seems to be more advisable. As shown in
the study of Martínez et al. (2019), fc = 3.0 Hz is a
proper cut-off frequency to perform such a “fine tuning.”
Therefore, a new fine tuning signal is defined by ωft =

BW3.0(−ωroll) (Figure 6A). Then the algorithm searches for
each

(

ti,ωds(ti), li
)

the global maximum or minimum in ωft in
a time window (an asymmetric ε neighborhood) around the
turn switch timestamp ti. The algorithm “fine tunes” only local
extrema labeled as switch and defines the global maximum or

minimum ωft(t
′

i) at t
′

i as the new “fine tuned” turn switch. A
percentage value or factor p ∈ [0, 1] defines the size of the
asymmetric ε neighborhood (Figure 6B): [ti − p (ti − ti−1) , ti +
p(ti+1 − ti)].

For the succeeding evaluation we use 60% for the ε

neighborhood, thus p = 0.6. Finally, the fine tuned turn
switches, turns and turn sequences are based on the sequence
TSft,n((t

′

n,ωft(t
′

n), ln))n∈N. Finally, the new sequence of fine tuned
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FIGURE 5 | The lower part shows an exemplary decision signal ωds with local extrema of type switch, noise and eliminated. The corresponding derived turns and turn

sequences are shown above.

FIGURE 6 | (A) Comparison of the raw signal −ωroll (gray), the filtered decision signal ωds (black, 0.5Hz) and fine tuning signal ωft (blue, 3.0Hz). The vertical blue and

black lines show the effect of fine tuning, and the small shift in time. (B) The graph outlines (in gray) the definition of ε neighborhood graphically. A p of 0.6 defines a ε

neighborhood (gray) where 60% of the distance to predecessor and successor extremum are part.

turns Tft,m((t
′

start,m, t
′

end,m
, dm, sm))m∈N

is given by substituting all

t in Tds,m with t
′
.

RESULTS

The results of the turn detection evaluation for each skiing style
(short and long carved, drifted, and snowplow turns) are shown
in Table 1. The ratio between the detected and the actual carved
turns (long and short turns pooled together) was 0.997, the
best value of the different skiing styles analyzed (drifted 0.833,
snowplow 0.538). A ratio of 0.997 indicates that the number
of actual carving turns was slightly underestimated by the turn
detection algorithm.

Investigating the turn precision measures of the algorithm
for carved turns, almost all detected turns were correctly
detected (turn precision was higher than 0.993 for both turn
sequences). The recall measures were also high with values

>0.990, which indicates that almost all actual turns were detected
by the algorithm.

DISCUSSION

The purpose of this study was to develop and validate a turn
detection algorithm for parallel alpine skiing turns in the field.
The assumption that a turn switch is a single point in time where
the edge changes simultaneously for both skis is not too critical
if the turns have seamless transitions, and the skier performs
parallel styles. Conversely, the algorithm is not able to count all
turn styles accurately. For example, snowplow and drifted turns
with low dynamics or straight piste crossings cause problems.
However, the proposed methodology was aimed at continuous
turn sequences of parallel style turns, as carved turns are usually
the main subject of interest.

For validation, tests were performed by several subjects
with diverse techniques, turn lengths, and snow conditions.
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TABLE 1 | Evaluation metrics for each skiing style and group of styles in number

of turns; ratio, turn count precision, and recall of each adapted confusion matrix.

Turn Sequence AT TP FP FN Ratio Precision Recall

Short carved turns 231 230 1 2 0.996 0.996 0.991

Long carved turns 143 143 1 0 1.007 0.993 1

Drifted turns 132 109 0 22 0.833 1 0.833

Snowplow 104 47 9 57 0.538 0.839 0.452

TURN SEQUENCE GROUPED

Carved 374 373 2 2 0.997 0.995 0.995

Parallel 506 482 2 24 0.953 0.996 0.953

All 610 529 11 81 0.867 0.980 0.867

AT, actual turns; TP, true positives; FP, false positives; FN, false negatives; Precision, turn

count precision. Carved includes short and long carved turns. Parallel includes carved

and drifted turns. All includes parallel and snowplow.

FIGURE 7 | Schematic representation of the beginning of a turn sequence

and three different options for the first detected turn. Option 2 was the desired

outcome.

The instructions for the different turn lengths aimed to define
different types of turns (e.g., short and long) while allowing the
participants to perform slightly different turns. We believe that
not having an exact turn length adds an extra variability that
is beneficial to develop a more robust algorithm. The natural
variation in snow conditions across the 4 days of testing provided
an additional layer of variability, adding to the robustness of the
algorithm. The results of 374 carved turns (0.997 ratio, 0.995
precision, and 0.995 recall) prove the validity and robustness
of this turn detection algorithm for this particular turning
technique.Misdetections during carved turns were only observed
at the beginning of the turn sequences; however, they weremostly
counted correctly. The three different options observed for the
initial turn detected in a turn sequence are shown in Figure 7.
From 32 parallel turn sequences analyzed in this study, five were
not properly detected. The system aimed to detect the first edge
change out of the fall line (option 2 in Figure 7) and this first
turn switch of each run was ignored and not included. Out of
the five turn sequences not properly detected, two counted an

extra turn (FP, option 1 in Figure 7) and three failed to count
one turn (FN option 3 in Figure 7). Besides this issue with the
beginning of the turn sequences, for carved turns, there were
no other misdetections, all the turns within sequences were
properly detected.

Ratio and recall for drifted turns (0.833 both values) were
lower than for carved turns. The turn detection algorithmworked
properly for all participants but four. For those participants, the
missing turns were not isolated but consecutive (e.g., 2, 4, 6,
and 9 consecutive turns). All those turns had some common
characteristics. They were longer slow turns, which produced a
less dynamic movement, and consequently were more affected
by the snow conditions, in those cases, bumpy surfaces. The
algorithm is prepared to recognize and cancel some noise (see
Figure 5); however, when there is too much noise (e.g., more
than two extra local maxima are detected between turns) the
turn sequence is finalized. If there are several turns under those
conditions, it does not report multiple sequences with single
turns, but rather discards most of the turns since the first turn
of every sequence is discarded. The possible misdetection of
the first turn and the long low dynamic turns were the causes
of some misdetection of turn sequences. When turn detection
worked accurately, the sequences were properly defined and
cut. Discriminating the signal depending on how dynamic the
movement is could help to further develop the algorithm and
overcome those missing turns.

Although the algorithm was developed for parallel turns,
the performance during snowplow steering was also evaluated.
While the turn count precision was acceptable, ratio and recall
were unacceptably low (0.839, 0.538, and 0.452, respectively).
As expected, most of the detected turns were actual turns, but
many real turns were not detected. The snowplow turning style
is completely different than drifted or carved turns. The legs
do not have synchronized rotation rates in roll axis. The main
movement does not rotate around the anterior-posterior axis,
but around the vertical axis. Consequently, an algorithm that
only takes into consideration the anterior-posterior axis might
not be the most effective approach. However, snowplow turns are
usually turns during learning and they are not used very often in
everyday skiing. Thus, the focus on parallel turns is obvious, at
least from a practical perspective. Further development, probably
including a combination of more than one axis or a turn style
detection system, would be needed for the automatic detection of
snowplow turns.

Over the different iterations of the development process,
modifications were included in the algorithm. These
modifications were needed in order to cope with signal
features that differed between in-lab (Martínez et al., 2019) and
real skiing conditions. Due to the variable snow conditions,
styles, turn lengths, and skiers, the signals recorded during
skiing had more variability and some recurrent differences when
compared to simulated turns on a ski glider. To confront this
issue, some recurrent misdetections that did not corresponded
with turn switch points (e.g., noise within turns or artifacts after
stopping) were corrected, adding new rules to the algorithm
and thus making it less simple. One of the additions was the
decision tree. This decision tree is easy to implement by a
single if condition. Thus, we preferred to use just a simple
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machine learning model, which is still human interpretable and
implementable, to provide an additional heuristic rule. Such a
simpler problem statement needs fewer data. However, it would
be possible to generate a decision tree that is able to replace all
the rules from 1 to 4. Such a decision tree would need more
labeled data and the input for learning data would have to be
more complex. It would be necessary to analyze at least a short
sequence of local extrema. In our case, we looked only on the
local extremum and its predecessor. This could be an approach
for further optimization and automatization. However, for our
proposed algorithm, machine learning was applied to provide
final heuristic rule for the remaining local extrema. Furthermore,
we limited the use of machine learning approaches in order
to keep computational cost low, as this algorithm could be
implemented in a smartphone app.

During the development process, some algorithm rules, and
parameters were manually optimized to fine tune the algorithm.
However, the algorithm presented in this publication is fully
automatic, and does not require manual input. The results could
however be influenced by IMU specifications such as sensitivity,
sampling rate, and orientation.

For the validation of the turn detection algorithm, events
such as falls were excluded from the study. One of the subjects
fell during one trial, and two turns were detected based on this
fall. Thus, in case of a fall, the algorithm might detect some
extra turns.

The present methodology presents some advantages when
compared to previously proposed methods. Yu et al. (2016)
successfully counted turns using a single IMU. However, they
only assessed one participant during a single giant slalom race
trial, and the method was based on the angle with respect
to the vertical. To properly calculate the orientation of the
sensor, integration and drift correction computation procedures
are needed (Seel et al., 2014; Fasel et al., 2018). This type of
computation usually requires post-processing the data andmakes
it more difficult to perform analysis in real time and potentially
limits the applications of this method. It is also important to
consider that their goal was to count turns, therefore they did
not report the turn switch points. The limitations of using video
recording during skiing are well-known. There is limited capture
volume (Supej et al., 2003; Fasel et al., 2016a), and it requires
time consuming preparation and post processing (Reid, 2010).
Furthermore, recent work from our research group showed that
even in ideal lab conditions, the determination of the turn
switch point using video recordings as a reference is challenging.
Different raters, even with the same instructions, select different
frames as the turn switch point (the reported range between raters
was 51.4ms; Martínez et al., 2019). For this reason, precision in
the field was not measured in this study, but we can reasonably
assume similar precision to that observed in the lab (± 0.03 s).
Since the nature of the movement on the ski-ergometer and
during real skiing both follow our model of pendular movement,
the basic features identified as turn switch points within the
signals should be similar on the ski-ergometer and in the field.
As such, the turn switch point determined by video analysis was
only used as a reference to determine if the measured turn switch
point corresponded to an actual turn switch.

CONCLUSION

In conclusion, the developed turn detection system is a valid,
robust, and generally simple tool to detect parallel turns (carved
and drifted) in alpine skiing with an accuracy of 95.3%. For
carving turns, the algorithm is able to accurately detect 99.7%
of actual carving turns. The algorithm is based only on a single
axis of gyroscope data. Simple IMUs, securely mounted on both
ski boots, provide sufficient data for the segmentation of time
series signals into both turn sequences and single turns. Both
are very convenient data structures for further analysis tasks. The
approach is applicable for in-field studies because the devices do
not disturb skiing and the algorithm is fully automated. Further
research is needed to assess the performance of the system for
skiers with different skill levels, or to include the detection of
other turn styles, such as snowplow turns.
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1Department of Sport Science, University of Innsbruck, Innsbruck, Austria, 2Department of Sport Science and Kinesiology,

University of Salzburg, Salzburg, Austria

The relative age effect (RAE) represents an asymmetry in birth quarter distribution,

favoring athletes born early in the selection year and discriminating against late born

athletes. The RAE was proven to be present in all age categories of national and

international levels of alpine ski racing. Due to the existence of the RAE in all categories, it

can be assumed that a selection error takes place favoring early born and early maturing

youth ski racers. However, whether selection strategies have changed during the last

years due to the high amount of research done in this field, has not been investigated

so far in this sport. Therefore, the aim of the present study was to assess whether the

magnitude of the RAE in youth ski racers aged 10–14 years has changed during the

last decade by comparing the periods 2005–2009 (“former” athletes) and 2015–2019

(“current” athletes). Pupils of a well-known skiing-specific secondary modern school as

well as members of the provincial ski team, who all competed at national levels, were

included in the study. Next to the birth months, anthropometric characteristics (body

height, weight, bodymass index) were assessed. Chi-square tests were used to compare

differences between the observed and expected relative age quarter distributions across

five age categories (U11–U15). Additionally, Kruskal–Wallis-H-Tests were performed to

assess differences in anthropometric characteristics between athletes of the four relative

age quarters. Mann–Whitney U-Tests were performed to assess possible differences in

anthropometric characteristics between former and current ski racers. A highly significant

RAE was present in both former [χ²(3, 764) = 60.36; p < 0.001; ω = 0.31] and current

youth ski racers [χ²(3, 702) = 43.13; p < 0.001; ω = 0.29] with an over-representation

of athletes of Q1 (30.3–34.2%) and a clear under-representation of athletes of Q4

(14.8–15.0%). Generally, results indicated no change in the magnitude of the RAE in

youth alpine ski racing over the past 10–15 years, emphasizing the robust nature of

this phenomenon. No significant differences were found in any of the anthropometric

characteristics between athletes of the four relative age quarters in both former and

current athletes, indicating that relatively younger athletes of the last relative age quarter

seem to have to have advanced anthropometric characteristics for being selected.

Changes in the talent selection process should be performed to reduce the impact of

the RAE.

Keywords: ski racing, talent development, relative age quarter distribution, discrimination, selection error
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INTRODUCTION

The relative age effect (RAE) represents a well-documented
phenomenon in youth sports context, and was first documented
in Canadian ice hockey (Barnsley et al., 1985). It exists when the
relative age quarter distribution of selected athletes represents a
biased distribution with an over-representation of athletes born
early in the selection year, meaning close to the cut-off date for
the competition categories (Musch and Grondin, 2001). Even
though the intention of grouping children and youth athletes
into competition categories based on their chronological age
is to guaranteeing fair competition and reflecting age-related
development, age differences of up to 12 months are possible
between athletes competing in the same category. These relative
age advantages are defined as the RAE; its presence has been
proven in several different types of sport, such as soccer (Helsen
et al., 2005; Cobley et al., 2009; Romann and Fuchslocher,
2013), ice hockey (Hurley et al., 2001), basketball (Delorme
and Raspaud, 2009), volleyball (Nakata and Sakamoto, 2013),
baseball (Nakata and Sakamoto, 2012), swimming (Medic et al.,
2009), tennis (Edgar and O’Donoghue, 2005), among others.
Talent selection systems are often based on selection biases that
confuse maturation for talent (Baker et al., 2014). In this context,
Baker et al. (2014) proposed the maturation-hypothesis for
explaining the RAE, assuming that the relative age of an athlete
is related to the athlete’s cognitive and physical maturation. Thus,
maturational differences between relatively older and relatively
younger athletes seem to influence the favorable selection of
the relatively older ones (Baker et al., 2014). As a short-term
consequence, relatively older and more mature athletes seem
to be potentially more “talented,” which leads to the favorable
selection of them, whereas relatively younger and less mature
athletes are often over-looked and do not get the same changes for
fulfilling their potential (Malina et al., 2004; Romann and Cobley,
2015). Knowing that talent in a sport does not depend on the
birth month, the existence of the RAE indicates that the talent
development systems in these sports are biased and that many
young talented athletes are discriminated against (Lames et al.,
2008; Cobley et al., 2009).

The RAE is present also in alpine ski racing at both national

and international levels. It starts to exist at the youngest age
groups of national levels with athletes aged 7–11 years (Müller

et al., 2015a), continuing on national levels with athletes aged
up to 14 and 15 years (Romann and Fuchslocher, 2014; Müller
et al., 2015a). At international youth and adolescent levels, the
RAE is present among ski racers participating at the International
Children’s Games (12–15 years; Müller et al., 2017b), the
European Youth Olympic Festival (17–18 years; Müller et al.,
2016a), the Youth Olympic Games (15–16 years; Raschner et al.,
2012), as well as the Junior World Ski Championships (16–20
years; Müller et al., 2012). At elite level, the RAE is also present
among World Cup athletes (Müller et al., 2012; Baker et al.,
2014; Bjerke et al., 2016). At most age categories and levels,
the RAE exists among both male and female athletes (Steidl-
Müller et al., 2019). The likelihood for selection for national
final races among 10–12 year old youth ski racers is up to 3.4
times higher for an athlete born in the first 3 months of the

year compared with an athlete born between July and September
and even 5.1 times higher compared with an athlete born in the
last 3 months (Müller et al., 2017a). The biological maturation
additionally influences the selection process in youth ski racing
because relatively younger athletes, meaning athletes born late
in the selection year, seem to “only” have a chance for selection
for national final races if they are early maturing. More than
40% of the selected ski racers for the national final races born in
the last quarter were early maturing, whereas in an age-matched
comparison group of non-athletes a normal distribution of early,
normal, and late maturing pupils was found in each quarter
(Müller et al., 2017a). Additionally, hardly any late maturing ski
racers were found in the cohort of selected athletes for national
final races in general independent of their relative age quarter
(Müller et al., 2017a). Thus, selection processes in youth alpine
ski racing are influenced by the relative age and the biological
maturation of an athlete; a fact which leads to the necessity of
changes in the talent development systems in order to guarantee
more fairness for all athletes independent of their relative age and
biological maturity status (Steidl-Müller et al., 2019).

Research has focused on the RAE and the influential
mechanisms of it during the last years. Several solutions were
proposed to minimize the effect, such as rotating cut-off dates
(Hurley et al., 2001), changing cut-off dates (Cobley et al., 2009),
implementing corrective adjustments (Romann and Cobley,
2015) etc. However, thus far, the effectiveness of these suggestions
has not been proven (Romann and Fuchslocher, 2014). Whether
the extent of the RAE has changed during the last years after
the research focus on it in several types of sport was investigated
only in European soccer. Helsen et al. (2012) examined whether
10 years of research has made any difference in the RAE in
professional soccer in ten European countries and did not find
any changes in the occurrence and strength of the RAE after
10 years (2000/2001 season vs. 2010/2011 season) indicating the
robust nature of this phenomenon. However, whether the extent
of the RAE in alpine ski racing has changed after the first research
studies in 2012 (Müller et al., 2012) and later on, has not been
investigated, so far.

Ski boarding schools play an important role in the talent
development in ski racing in Austria. The schools concentrate
on the dual career of the athletes combining school and sport.
Next to the schools, the provincial ski teams represent a serious
cornerstone in the development of young talents in this sport
(Raschner et al., 2015). The social significance of alpine ski racing
in Austria is reflected in the high number of young athletes
starting with this sport already at the age of 5–6 years; up to
200 athletes per birth year compete in children’s races at this
age. Based on these numbers, not surprisingly, a high selection
pressure is present in this sport in Austria and the first selection
already takes place as early as the age of 9–10 years, when the
entrance exams for ski boarding schools are held, as well as at
the age of 12–13 years for the teenager squad of the provincial
ski teams (Raschner et al., 2015). The awareness of the RAE
problem has increased during the last years among coaches of
the boarding schools and the provincial ski teams, but it is not
clear whether the research output had also affected the selection
processes in this sport. Therefore, the aim of the present study
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TABLE 1 | Number (n) of participants per age group divided by former

(2005–2009) and current (2015–2019) period.

Sample Age category 2005–2009 2015–2019

Total sample U11 68 36

U12 140 151

U13 178 235

U14 201 116

U15 177 164

Males U11 38 23

U12 83 76

U13 94 130

U14 111 67

U15 102 94

Females U11 30 13

U12 57 75

U13 84 105

U14 90 49

U15 75 70

was to assess whether the magnitude of the RAE in youth ski
racers aged 10–14 years has changed during the last decade by
comparing the periods 2005–2009 (“former” athletes) and 2015–
2019 (“current” athletes). It was hypothesized that the magnitude
of the RAE may have diminished during the last decade due to
the greater awareness of the consequence of this selection bias.

MATERIALS AND METHODS

Participants
In the present study, elite youth ski racers, who all competed in
ski races at national level, were included. They were pupils of
well-known Austrian skiing-specific secondary modern schools
or members of the provincial ski team. The ski racers can be
divided into two groups: 764 participants (428 male, 336 female)
tested from 2005 to 2009, and 702 participants (390 male, 312
female) tested 10 years later (2015–2019). The athletes ranged in
age between 9.6 and 14.5 years (mean age: 12.5 ± 1.2 years). To
minimize effects of one single season, each 5 consecutive years
were summarized per age group (U11–U15) and subsequently
defined as “former” (2005–2009) and “current” (2015–2019)
period.Table 1 presents the number of participants per age group
divided by the two 5-year periods (2005–2009 vs. 2015–2019) and
per gender.

Procedures
The procedures are in accordance with the ethical standards
of the Declaration of Helsinki and were approved by the
Institutional Review Board. The birth dates of all participants
were collected prior to the assessment of the anthropometric
characteristics. The birth months were then categorized into four
relative age quarters. In alpine ski racing in Austria, the cut-off
date for the competition categories is January 1. Therefore, the
birth months were split into quarters to calculate the relative
age quarters as follows: January to March was categorized as

relative age quarter 1 (Q1); April to June as quarter 2 (Q2); July
to September as quarter 3 (Q3), and October to December as
quarter 4 (Q4).

The anthropometric characteristics were assessed at the end
of the winter season in April or May of the single calendar
year. The body height (0.5 cm) was recorded using a portable
stadiometer SECA 217 (Seca, Hamburg, Germany). Body mass
(1N) was measured on a Kistler force plate (Kistler Instrumente
AG, Gommiswald, Switzerland) with normal sports clothes but
without shoes, and was then calculated to the nearest 0.1 kg
(divided by 9.81). The body mass index (BMI; 0.1 kg/m²) was
then calculated as body mass in kilograms divided by height in
meter squared (Nuttall, 2015).

Statistical Analyses
To assess the difference between the observed and the expected
relative age quarter distributions, chi²-tests (χ²) were used for the
former (2005–2009) and current (2015–2019) youth ski racers.
The relative age quarter distribution of the Austrian population
of the same birth years as the participants, which corresponded
to a nearly even distribution among the four quarters (nearly 25%
in each quarter), was used as the expected distribution for these
analyses. The effect size ω was calculated for the χ²-tests (Sherar
et al., 2007). Odds ratio (OR) and 95% confidence intervals
(95% CI) were calculated (Cobley et al., 2009). Additionally,
χ²-tests and the corresponding Cramer’s V were also used to
assess differences in the birth quarter distributions between the
former (2005–2009) and current (2015–2019) youth ski racers
over all age categories, as well as for each age group separately.
All analyses were performed for the total sample of the two
5-year periods as well as separated by gender. In order to
assess possible differences in the anthropometric characteristics
between the four relative age quarters, Kruskal–Wallis-H-Tests
were performed (due to small sample sizes in each category)
for each age category as well as separated by the two 5-year
periods. Additionally, possible differences in the anthropometric
characteristics between former and current athletes were assessed
using Mann–Whitney U-Tests separated by relative age quarter,
age category, and gender.

The level of significance was set at p < 0.05. All of
the calculations were performed using IBM SPSS 25.0 (IBM
Corporation, Armonk, NY, USA); the effect size ω was assessed
using G∗Power 3.1.9.2 (University of Düsseldorf, Germany).

RESULTS

Presence of the Relative Age Effect
A highly significant RAE was found for both former [χ²(3, 764) =
60.36; p< 0.001;ω= 0.31) and current youth ski racers [χ²(3, 702)
= 43.13; p < 0.001; ω = 0.29] with an over-representation of
athletes of Q1 and a clear under-representation of athletes of
Q4 (14.8–15.0%). The distribution of the male athletes of both
groups significantly differed from the expected distribution as
well [former: χ²(3, 428) = 34.22; p < 0.001; ω = 0.32; current:
χ²(3, 390) = 34.57; p < 0.001; ω = 0.39] with larger effect
sizes in the current group. The relative age quarter distribution
of the female athletes significantly differed from the expected
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FIGURE 1 | Relative age quarter distributions of former (2005–2009; black)

and current (2015–2019; light gray) ski racers of all age groups (U11–U15).

***p < 0.001; n.s., not significant difference between groups.

distribution in both groups, as well [former: χ²(3, 336) = 26.36; p
< 0.001;ω= 0.31; current:χ²(3, 312) = 13.10; p= 0.004;ω= 0.21]
with larger effect sizes in the former group of athletes. The relative
age quarter distributions of the total sample of former (2005–
2009) and current (2015–2019) athletes are presented in Figure 1.
Table 2 presents the distributions of both 5-year periods for the
different age groups and separated by gender. The descriptive OR
and the correspondingχ² for each quarter of the total sample and
both male and female athletes of the former and the current ski
racer groups are presented in Table 3. With respect to the former
ski racers (2005–2009), the OR calculations revealed significant
differences between Q1 and all other quarters in the total sample
as well as between Q1 and Q3 and Q4 in the male athletes
and between Q1 and Q4 in the female athletes. The calculations
revealed additionally, that among the current ski racers (2015–
2019), differences were found between Q1 and Q3 and Q4 in
the total sample, as well as between Q1 and Q4 in both male
and female athletes and between Q1 and Q3 in female athletes.
The likelihood of selection for the ski boarding school or the
provincial ski teams was up to 2.50 times higher for an athlete
of Q1 compared with an athlete of Q4 in the current group and
up to 2.35 times higher in the former group.

Changes in the Relative Age Effect Over
the Decade
The relative age distribution of the current ski racer group did
not significantly differ from the distribution of the former group
of athletes neither in the total sample nor in male or female
athletes (seeTable 2).When separating by age group, a significant
difference was found in the U12 age group of the total sample
(see Figure 2), showing a stronger RAE in the former athletes
(V = 0.17). Among male athletes, significant differences between
relative age quarter distributions of the former and the current
youth ski racers were evident in the U11 and U13 age groups
with a stronger RAE in the former U11 athletes (V = 0.40) and a

stronger RAE in current U13 ski racers (V= 0.24). Similar results
were found among female athletes: significant differences in the
relative age quarter distributions were present in U11 (stronger
RAE of current athletes; V = 0.46) and U12 (stronger RAE
among former athletes; V = 0.29).

Differences in Anthropometric
Characteristics Between Relative Age
Quarters
The anthropometric characteristics of former (2005–2009) and
current (2015–2019) youth ski racers of the four relative age
quarters are presented separated by age group for male athletes
in Table 4 and for female athletes in Table 5. No significant
differences were found in any of the three anthropometric
characteristics as well as in any age group between the athletes of
the four relative age quarters neither in the former athletes nor in
the current athletes. Significant differences between former and
current male ski racers were found in body height in the U12 age
group of athletes born in Q2 (z = −2.222; p = 0.026), in body
weight in U14 athletes of Q1 (z = −2.038; p = 0.042) and in
BMI in U14 (z = −2.659; p = 0.008) and U15 athletes of Q1 (z
= −2.092; p = 0.036). In female athletes significant differences
between former and current athletes were found in body weight
in U12 athletes of Q4 (z =−2.552; p= 0.011) and in BMI in U12
athletes of Q4 (z =−2.130; p= 0.033) and in U13 athletes of Q2
(z =−2.059; p= 0.039).

DISCUSSION

The present study was the first study that assessed the
longitudinal development of the magnitude of the RAE in youth
alpine ski racing. In both groups of selected athletes, former
and current ski racers, and among both males and females, a
highly significant RAE was found. No significant change in the
magnitude of the RAE was evident when comparing former and
current youth ski racers in total or divided by gender and age
category. Only inU12 athletes, a weaker RAEwas assessed among
current athletes.

Due to the importance of the two cornerstones in the talent
development in youth ski racing (ski boarding schools and
provincial ski teams), selected athletes of both organizations were
included in the present study. Due to the high selection pressure,
not surprisingly, a significant RAE was found in male and female
former and current youth ski racers, which is in line with several
studies assessing the RAE in youth alpine ski racing (Steidl-
Müller et al., 2019). There has been neither a decrease nor an
increase in the prevalence of the RAE over a decade (p > 0.05).
The relative age quarter distribution showed that 30.3% of the
current athletes were born in the first quarter and only 15.0%
were born in the last quarter, compared with 34.2 and 14.8%,
respectively in former athletes. Additionally, similar effect sizes
were calculated for both groups (former: ω = 0.31; current: ω =

0.29). When differentiating by gender, similar results were found
showing no significant change in the prevalence of the RAE in
both males and females (p > 0.05). However, in male athletes a
stronger effect size was evident in the current athletes (ω = 0.39
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TABLE 2 | Relative age quarter distributions of male and female former (2005–2009) and current (2015–2019) youth ski racers.

Period n Q1 [%] Q2 [%] Q3 [%] Q4 [%] Diff. 2005–2009 vs. 2015–2019

χ² p Cramer’s V

Total sample Total 2005–2009 764 34.2 27.6 23.4 14.8 2.61 0.456 0.04

2015–2019 702 30.3 29.9 24.8 15.0

U11 2005–2009 68 20.6 30.9 33.8 14.7 4.21 0.239 0.20

2015–2019 36 8.3 47.2 27.8 16.7

U12 2005–2009 140 34.3 27.9 26.4 11.4 8.73 0.033 0.17

2015–2019 151 28.5 26.5 20.5 24.5

U13 2005–2009 178 32.6 27.5 23.6 16.3 7.17 0.067 0.13

2015–2019 235 36.2 32.8 23.0 8.1

U14 2005–2009 201 34.8 28.4 19.9 16.9 3.15 0.369 0.10

2015–2019 116 31.0 24.1 28.4 16.4

U15 2005–2009 177 40.1 25.4 20.9 13.6 5.93 0.115 0.13

2015–2019 164 28.0 29.3 28.0 14.6

Males Total 2005–2009 428 34.1 27.3 24.1 14.5 2.61 0.456 0.06

2015–2019 390 30.8 29.7 27.2 12.3

U11 2005–2009 38 23.7 42.1 34.2 0 9.85 0.020 0.40

2015–2019 23 13.0 43.5 21.7 21.7

U12 2005–2009 83 36.1 27.7 22.9 13.3 2.06 0.561 0.11

2015–2019 76 26.3 30.3 25.0 18.4

U13 2005–2009 94 30.9 25.5 24.5 19.1 12.75 0.005 0.24

2015–2019 130 40.8 30.8 23.8 4.6

U14 2005–2009 111 35.1 24.3 21.6 18.9 4.53 0.210 0.16

2015–2019 67 28.4 22.4 35.8 13.4

U15 2005–2009 102 38.2 26.5 23.5 11.8 3.09 0.378 0.13

2015–2019 94 26.6 29.8 28.7 14.9

Females Total 2005–2009 336 34.2 28.0 22.6 15.2 2.22 0.528 0.06

2015–2019 312 29.8 30.1 21.8 18.3

U11 2005–2009 30 16.7 16.7 33.3 33.3 9.06 0.029 0.46

2015–2019 13 0 53.8 38.5 7.7

U12 2005–2009 57 31.6 28.1 31.6 8.8 11.17 0.011 0.29

2015–2019 75 30.7 22.7 16.0 30.7

U13 2005–2009 84 34.5 29.8 22.6 13.1 0.69 0.875 0.06

2015–2019 105 30.5 35.2 21.9 12.4

U14 2005–2009 90 34.4 33.3 17.8 14.4 1.16 0.762 0.09

2015–2019 49 34.7 26.5 18.4 20.4

U15 2005–2009 75 42.7 24.0 17.3 16.0 3.53 0.317 0.16

2015–2019 70 30.0 28.6 27.1 14.3

Q, relative age quarter; Q1, January–March; Q2, April–June; Q3, July–September; Q4, October–December. Bold values highlight significant differences in the relative age quarter

distributions between former and current youth ski racers.

vs.ω= 0.32), whereas among the female ski racers a weaker effect
size was calculated in the current youth ski racer group (ω =

0.21 vs. ω = 0.31). However, in both males and females an over-
representation of athletes of Q1 and a clear under-representation
of athletes of Q4 was evident. These results are in line with the
comparison of the prevalence of the RAE between 2000/2001 and
2010/2011 elite European soccer players, in which no significant
change was found (Helsen et al., 2012). Despite the great research
interest and the proposed solutions to minimize the RAE, there
has been little impact on the effect (Helsen et al., 2012). Only
in the U12 age category a significant decrease in the prevalence
of the RAE was found in the total sample of male and female

ski racers over the decade. However, the fact that in the next
age group (U13) an obviously stronger RAE was present again
in the current group compared with the former U13 group,
but also compared with the U12 current group, leads to the
speculation that the selection for the provincial ski teams, which
takes place at the age of approximately 12 years, might clearly
favor relatively older athletes during the last 5 years and therefore,
might strengthen again the RAE. Though, when comparing the
distributions of the male and female current and former athletes
separately, different trends are apparent. A significant weaker
RAE was found in male U11 athletes of the current group (V
= 0.40), whereas in the females a stronger RAE was present
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TABLE 3 | Descriptive odds ratio across all relative age quarters of former (2005–2009) and current (2015–2019) youth ski racers.

Sample Q1:Q2 Q1:Q3 Q1:Q4

2005–2009 2015-2019 2005-2009 2015-2019 2005–2009 2015–2019

Total sample Chi² 5.30 0.02 15.28 3.93 58.57 36.68

p value 0.021 0.884 <0.001 0.047 <0.001 <0.001

OR [95% CI] 1.24 (1.09–1.41) 1.02 (0.88–1.15) 1.46 (1.27–1.67) 1.22 (1.06–1.41) 2.31 (1.95–2.73) 2.03 (1.70–2.42)

Male athletes Chi² 3.20 0.07 7.43 0.87 33.92 30.86

p value 0.074 0.795 0.006 0.352 <0.001 <0.001

OR [95% CI] 1.25 (1.05–1.48) 1.03 (0.86–1.24) 1.42 (1.18–1.70) 1.31 (0.94–1.36) 2.35 (1.88–2.95) 2.50 (1.93–3.23)

Female athletes Chi² 2.11 0.00 0.87 3.88 24.68 8.64

p value 0.146 0.942 0.352 0.049 <0.001 0.003

OR [95% CI] 1.22 (1.01–1.48) 0.99 (0.81–1.21) 1.51 (1.23–1.87) 1.37 (1.09–1.71) 2.25 (1.76–2.90) 1.63 (1.28–2.07)

OR, odds ratio; CI, Confidence Interval; Q1–4, relative age quarter 1–4. Bolded values indicate significance of odds ratio (if 95% CI does not include 1).

FIGURE 2 | Changes in the relative age quarter distributions of former (black)

to current (light gray) U12 youth ski racers. ***p < 0.001; *p < 0.05.

in the current group (V = 0.46). However, the small sample
sizes have to be considered in the U11 age groups (males: 38
vs. 23; females: 30 vs. 13). Conversely, in female U12 athletes
a weaker RAE was present in the current group (V = 0.29),
whereas in male U13 athletes a stronger RAE was evident in the
current group (V = 0.24). One might speculate that nowadays
young girls enter puberty even earlier than it might have been
a decade ago, which could probably explain why the RAE,
which is much influenced by the maturation-based selection, was
stronger in the current U11 group, but was weaker in the current
U12 group. In the study performed by Helsen et al. (2012),
elite soccer players were investigated, thus, no age categories
were considered in the analyses, which does not allow any
comparisons, though.

The most frequent explanation for the RAE phenomenon is
the maturation-selection hypothesis (Baker et al., 2014), which
was confirmed also in youth alpine ski racing showing that the
most valuable influential factor of the RAE seems to be the

biological maturity status (Steidl-Müller et al., 2019). Relatively
younger athletes seem to “only” have a chance for selection if they
are early maturing, which was confirmed by the findings that 43%
of athletes born in Q4 who were selected for national final races
(11–12 years) were early maturing (Müller et al., 2017a), a finding
which was observed also in youth soccer (Deprez et al., 2013)
and basketball (Torres-Unda et al., 2013), as well. Additionally,
youth ski racers of the last relative age quarter that were selected
for national final races significantly differed in biological maturity
status from Q4-athletes that were not selected in both males and
females (Müller et al., 2016b). In alpine ski racing an advanced
biological maturity status is advantageous in the selection process
because more mature athletes benefit from early recognition
from coaches and talent scouts (Müller et al., 2017a). Based on
this assumption, relatively younger athletes can counteract their
relative age disadvantage by an advanced maturation and thus,
it can be assumed that they represent similar or more advanced
anthropometric characteristics compared with the athletes of the
other relative age quarters. The biological maturity status was not
measured in the present study, because the implementation of
the prediction of the age at peak height velocity (APHV; Mirwald
et al., 2002) in the regular fitness testing of youth ski racers was
conducted starting in 2015 onwards; however, the prediction of
the APHV is based on anthropometric measurements (Mirwald
et al., 2002) and anthropometric characteristics such as body
height and weight correlate with the biological maturation.
Thus, in the present study anthropometric characteristics were
compared between athletes of the four relative age quarters
in both former and current ski racers. In contrast to the
study of Müller et al. (2015b), in which youth ski racers
born in Q1 had significantly higher values in body height and
weight, no significant differences were found in anthropometric
characteristics between the four relative age quarters in both
former and current ski racers. Thus, it can be assumed that the
ski racers of the four relative age quarters were comparable with
respect to their maturation, a finding which would be in line with
previous studies including the measurement of the biological
maturation and showing no differences between athletes of the
four relative age quarters (Müller et al., 2015b, 2016b, 2017a).
Similar results were found also in studies in soccer, in which
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TABLE 4 | Anthropometric characteristics (M ± SD) and inferential statistics of former (2005–2009) and current (2015–2019) male youth ski racers divided by relative age

quarter.

Q1 (Jan-Mar) Q2 (Apr-June) Q3 (July-Sept) Q4 (Oct-Dec) Kruskal–Wallis H p

Body height [cm]

U11 2005–2009 (n = 38) 140.2 ± 5.5 142.6 ± 6.2 143.5 ± 4.8 x 1.33 0.515

2015–2019 (n = 23) 147.7 ± 6.0 140.6 ± 5.9 142.2 ± 4.8 145.9 ± 6.9 4.54 0.209

U12 2005–2009 (n = 83) 146.8 ± 6.2 148.9 ± 7.1 146.7 ± 5.9 146.6 ± 9.1 1.95 0.582

2015–2019 (n = 76) 146.5 ± 4.9 144.8 ± 4.9 145.5 ± 5.0 148.9 ± 5.0 5.62 0.132

U13 2005–2009 (n = 94) 153.3 ± 7.6 152.6 ± 6.0 151.7 ± 6.8 150.6 ± 7.5 1.54 0.673

2015–2019 (n = 130) 152.8 ± 5.4 151.0 ± 6.0 150.4 ± 5.8 149.7 ± 7.7 5.15 0.161

U14 2005–2009 (n = 111) 159.6 ± 8.3 157.5 ± 7.3 157.4 ± 9.2 155.4 ± 8.0 3.53 0.317

2015–2019 (n = 67) 157.6 ± 7.1 158.3 ± 6.8 159.0 ± 8.8 156.6 ± 3.6 0.35 0.950

U15 2005–2009 (n = 102) 166.0 ± 8.3 166.3 ± 9.2 166.3 ± 9.0 163.4 ± 10.3 0.70 0.873

2015–2019 (n = 94) 166.0 ± 8.0 166.5 ± 7.1 166.5 ± 8.1 168.9 ± 8.6 0.81 0.846

Body weight [kg]

U11 2005–2009 (n = 38) 34.8 ± 4.2 34.6 ± 6.0 37.2 ± 6.0 x 1.17 0.556

2015–2019 (n = 23) 38.5 ± 8.8 32.5 ± 3.9 35.3 ± 5.8 39.7 ± 7.3 3.83 0.281

U12 2005–2009 (n = 83) 37.6 ± 5.9 40.6 ± 7.5 40.3 ± 7.2 38.6 ± 8.6 2.26 0.520

2015–2019 (n = 76) 37.6 ± 5.6 36.5 ± 4.0 37.8 ± 5.1 38.5 ± 3.5 2.32 0.509

U13 2005–2009 (n = 94) 43.0 ± 6.3 42.3 ± 6.3 43.0 ± 7.9 41.6 ± 7.3 1.22 0.748

2015–2019 (n = 130) 42.2 ± 4.8 41.0 ± 5.7 42.7 ± 7.5 39.3 ± 5.1 1.92 0.589

U14 2005–2009 (n = 111) 49.1 ± 8.2 46.5 ± 6.4 47.6 ± 8.4 46.1 ± 7.6 2.91 0.405

2015–2019 (n = 67) 44.3 ± 5.9 45.1 ± 7.3 50.6 ± 10.9 44.5 ± 5.0 3.85 0.278

U15 2005–2009 (n = 102) 55.4 ± 7.6 56.6 ± 9.4 54.9 ± 9.4 52.7 ± 9.9 1.91 0.590

2015–2019 (n = 94) 53.2 ± 7.8 54.7 ± 9.3 56.9 ± 9.9 55.0 ± 9.1 1.22 0.749

Body mass index [kg*m−2]

U11 2005–2009 (n = 38) 18.1 ± 1.4 16.9 ± 2.4 18.1 ± 2.2 x 4.30 0.116

2015–2019 (n = 23) 17.5 ± 3.7 16.4 ± 1.2 17.4 ± 2.1 18.5 ± 1.8 3.92 0.270

U12 2005–2009 (n = 83) 17.6 ± 1.7 18.0 ± 2.4 18.7 ± 2.4 17.7 ± 2.0 2.46 0.483

2015–2019 (n = 76) 17.5 ± 2.1 17.3 ± 1.5 17.8 ± 2.0 17.4 ± 1.1 0.97 0.808

U13 2005–2009 (n = 94) 18.3 ± 1.8 18.1 ± 2.0 18.7 ± 2.4 18.2 ± 1.7 0.62 0.893

2015–2019 (n = 130) 18.1 ± 1.8 17.9 ± 1.7 18.8 ± 2.3 17.6 ± 0.9 4.04 0.257

U14 2005–2009 (n = 111) 19.2 ± 1.7 18.7 ± 1.5 19.2 ± 2.1 19.0 ± 1.6 1.12 0.773

2015–2019 (n = 67) 17.8 ± 1.5 18.0 ± 1.9 19.9 ± 2.7 18.1 ± 1.6 7.51 0.057

U15 2005–2009 (n = 102) 20.0 ± 1.7 20.3 ± 1.7 19.8 ± 1.9 19.7 ± 2.1 2.18 0.537

2015–2019 (n = 94) 19.3 ± 1.9 19.6 ± 2.1 20.4 ± 2.4 19.2 ± 1.8 4.92 0.178

no differences in the biological maturity status between athletes
of the four relative age quarters were evident (Gil et al., 2014;
Lovell et al., 2015). As a consequence, it can be speculated that
relatively younger athletes of the fourth relative age quarter
are more mature when they have the same anthropometric
characteristics as athletes who are some months older. Even
though it only can be speculated because the biological
maturity status was not measured, it might underline the
supposed necessity of advanced anthropometric characteristics
of relatively younger ski racers for getting the possibility of
being selected irrespective of their relative age disadvantage. And
due to the performance advantages of advanced anthropometric
characteristics in alpine ski racing (Raschner et al., 1995), it
can be hypothesized that this could partly explain why both
former and current ski racers of the four relative age quarters
did not differ in anthropometric characteristics between each
other. In general, former and current male and female ski racers

did not significantly differ in anthropometric characteristics
without differentiating between quarters. Only among athletes
of single quarters and age categories differences were found.
However, whether for example the higher body mass in current
female athletes of Q4 in the U12 age group has led to the
reduced prevalence of the RAE in the current group can
only be speculated. Nevertheless, all these results emphasize
the favorable selection of relatively older and more mature
athletes in ski racing and this has not changed during the
last decade.

However, it has to be considered that the selection of the
participants for this study was performed in that way that all
youth ski racers who were either pupils of the skiing-specific
boarding schools or members of the provincial ski team in the
given periods were included. This has to be seen as limitation
of the study, because the study did not include all athletes that
competed at national levels in this period. Another limitation
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TABLE 5 | Anthropometric characteristics (M ± SD) and inferential statistics of former (2005–2009) and current (2015–2019) female youth ski racers divided by relative

age quarter.

Q1 (Jan-Mar) Q2 (Apr-June) Q3 (July-Sept) Q4 (Oct-Dec) Kruskal–Wallis H p

Body height [cm]

U11 2005-2009 (n = 30) 145.2 ± 4.0 142.8 ± 4.6 139.6 ± 7.2 139.7 ± 5.1 6.87 0.076

2015–2019 (n = 13) x 142.2 ± 4.6 140.8 ± 3.7 144.0 0.72 0.697

U12 2005–2009 (n = 57) 145.6 ± 8.2 145.5 ± 6.3 144.8 ± 7.4 143.5 ± 2.9 2.24 0.525

2015–2019 (n = 75) 146.3 ± 6.0 145.3 ± 4.1 146.2 ± 5.5 148.4 ± 7.5 2.98 0.395

U13 2005–2009 (n = 84) 152.6 ± 7.7 152.9 ± 7.6 149.1 ± 5.2 152.4 ± 8.6 5.22 0.156

2015–2019 (n = 105) 154.1 ± 6.3 152.0 ± 5.9 150.6 ± 6.2 152.3 ± 6.4 3.85 0.278

U14 2005–2009 (n = 90) 157.5 ± 7.3 158.6 ± 5.9 155.8 ± 5.5 160.2 ± 6.1 3.32 0.345

2015–2019 (n = 49) 160.9 ± 6.6 159.6 ± 4.4 158.7 ± 7.7 158.3 ± 7.8 1.04 0.792

U15 2005–2009 (n = 75) 161.4 ± 5.1 163.0 ± 5.7 162.3 ± 5.8 165.3 ± 5.1 4.89 0.180

2015–2019 (n = 70) 163.5 ± 5.5 164.1 ± 4.1 163.0 ± 6.8 161.0 ± 4.9 2.78 0.426

Body weight [kg]

U11 2005–2009 (n = 30) 33.8 ± 3.0 37.3 ± 4.5 32.5 ± 4.6 31.5 ± 1.7 3.59 0.309

2015–2019 (n = 13) x 33.7 ± 3.0 32.3 ± 4.0 37.4 1.79 0.409

U12 2005–2009 (n = 57) 38.9 ± 7.2 37.6 ± 5.3 35.1 ± 5.1 34.1 ± 2.4 4.67 0.197

2015–2019 (n = 75) 37.0 ± 4.5 36.3 ± 4.6 36.0 ± 5.4 39.8 ± 5.0 7.25 0.064

U13 2005–2009 (n = 84) 43.9 ± 7.2 44.5 ± 7.8 39.2 ± 4.4 43.0 ± 8.1 7.33 0.062

2015–2019 (n = 105) 43.4 ± 6.1 41.3 ± 6.4 41.3 ± 5.4 43.0 ± 6.3 2.71 0.438

U14 2005–2009 (n = 90) 49.9 ± 8.5 49.7 ± 7.6 45.1 ± 4.6 51.3 ± 6.9 6.72 0.081

2015–2019 (n = 49) 51.0 ± 7.8 49.5 ± 7.1 45.6 ± 4.1 50.7 ± 9.1 2.57 0.464

U15 2005–2009 (n = 75) 53.4 ± 7.3 54.9 ± 5.9 51.5 ± 4.8 56.3 ± 7.4 4.23 0.240

2015–2019 (n = 70) 56.1 ± 8.0 55.2 ± 5.7 55.2 ± 7.3 55.9 ± 9.7 0.15 0.985

Body mass index [kg*m−2]

U11 2005–2009 (n = 30) 16.3 ± 0.0 18.0 ± 1.5 16.6 ± 1.5 16.5 ± 1.0 2.76 0.431

2015–2019 (n = 13) x 16.6 ± 1.0 16.2 ± 1.2 18.0 2.33 0.312

U12 2005–2009 (n = 57) 17.8 ± 1.6 17.6 ± 1.6 16.8 ± 1.4 16.6 ± 1.0 6.00 0.112

2015–2019 (n = 75) 17.3 ± 1.5 17.2 ± 1.6 16.8 ± 1.6 18.1 ± 1.4 7.31 0.063

U13 2005–2009 (n = 84) 18.8 ± 1.9 18.9 ± 1.9 17.6 ± 1.4 18.5 ± 2.4 5.09 0.166

2015–2019 (n = 105) 18.2 ± 1.7 17.8 ± 1.9 18.2 ± 1.4 18.5 ± 1.9 2.97 0.396

U14 2005–2009 (n = 90) 20.1 ± 2.6 19.7 ± 2.3 18.6 ± 1.4 20.1 ± 2.2 4.85 0.183

2015–2019 (n = 49) 19.7 ± 2.4 19.4 ± 2.4 18.4 ± 1.5 20.1 ± 2.2 2.95 0.399

U15 2005–2009 (n = 75) 20.5 ± 2.5 20.7 ± 2.0 19.6 ± 1.8 20.6 ± 2.6 2.57 0.462

2015–2019 (n = 70) 21.0 ± 2.6 20.5 ± 2.0 20.8 ± 2.2 21.5 ± 2.7 1.28 0.733

of the study is that one athlete could have been included in
several age categories, which might represent a bias. However,
the analyses were performed for each age category separately, and
the information if an athlete drops out of sport at a given time
point and is not again included in the next age category seems
also important.

CONCLUSION

The magnitude of the RAE in youth alpine ski racing has not
changed over the last 10–15 years. Despite the great research
interest in this field and the proposed solutions to minimize
the RAE, there has been little impact on the effect, as it was
also the case in soccer (Helsen et al., 2012). Several suggestions
to reduce the RAE, such as corrective adjustments or delaying

the selection process of talent identification beyond stages of
puberty and maturation (Cobley et al., 2009), do not seem
applicable in alpine ski racing due to the changing outdoor
environment that does not provide the possibility of calculating
fair corrective adjustments as it is possible in swimming, or
the early-specialization character of this sport (Steidl-Müller
et al., 2019). As proposed in a recent review article (Steidl-
Müller et al., 2019), changes in the competition system, as for
example introducing a rotating cut-off date, seem to possibly be
most effective for reducing the RAE. In addition, even though
the awareness of the RAE problem has risen among coaches
in youth ski racing during the last years, it does not seem to
have changed selection criteria. As a consequence, the extent
and the consequences of the RAE and the favorable selection
of early born and early maturing ski racers should be spread
even more during the education of coaches working with youth
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athletes. The long-term consequences of the selection error
leading to the RAE should become more evident in the entire
talent development system in this sport in order to get the chance
to minimize the discrimination of relatively younger and late
maturing athletes.
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Biathlon is an Olympic winter-sport where cross-country (XC) skiing in the skating

technique is combined with rifle shooting. In the biathlon sprint competition for men,

three laps of 3.3-km are interspersed with a 5-shot shooting sequence in the prone

and standing position. Our purpose was to investigate the contribution from overall

XC skiing performance, the performance in different terrain sections and shooting

performance to the overall biathlon sprint race performance, as well as the relationship to

laboratory-measured capacities obtained during treadmill roller ski skating. Eleven elite

male biathletes were tracked by a Global Positioning System (GPS) device and a heart

rate (HR) monitor during an international 10-km biathlon sprint competition. Within a

period of 6 weeks prior to the competition, physiological responses, and performance

during submaximal and maximal treadmill roller skiing were measured. Stepwise multiple

regression analysis revealed that XC skiing time, shooting performance, shooting time

and range time explained 84, 14, 1.8, and 0.2% of the overall sprint race performance

(all p < 0.01). Time in uphill, varied, and downhill terrains were all significantly correlated

to the total XC skiing time (r = 0.95, 0.82, 0.72, respectively, all p < 0.05). Percent

of maximal HR (HRmax) and rating of perceived exertion (RPE) during submaximal roller

skiing, and time-to-exhaustion during incremental roller skiing correlated significantly with

overall biathlon sprint race performance and overall XC skiing time (r = 0.64–0.95, all

p < 0.05). In conclusion, XC skiing performance provided greatest impact on biathlon

sprint performance, withmost of the variance determined by XC skiing performance in the

uphill terrain sections. Furthermore, the ability to roller ski with a low RPE and %HRmax

during submaximal speeds, as well as time-to-exhaustion during incremental roller skiing

significantly predicted biathlon performance. Such laboratory-derived measures may

therefore be validly used to distinguish biathletes of different performance levels and to

track progress of their XC skiing capacity.

Keywords: biathletes, cross-country skiing, gross efficiency, maximal oxygen uptake, rifle shooting
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INTRODUCTION

Biathlon is an Olympic winter-sport with two main components;
cross-country (XC) skiing in the skating technique combined
with 5-shot rifle shooting sequences. For men, the biathlon sprint
competition consists of three laps of 3.3 km interspersed with
shooting in the prone and standing position, in which each
missed shot is penalized by adding a 150-m XC skiing loop (IBU,
2017). Shooting is performed on a 50m shooting range using
0.22 caliber long rifles weighing >3.5 kg that the athletes carry
on their back while skiing, and the circular hit areas are 45mm
in diameter in prone and 115mm in standing shooting. Thus,
success in biathlon demands high aerobic endurance capacity, an
efficient skiing technique, as well as rapid and accurate shooting
performed directly after high-intensity exercise.

A recent investigation of World Cup performance in biathlon
sprint events shows that XC skiing time is themost distinguishing
factor for the overall performance (Luchsinger et al., 2018),
explaining ∼59–65% of the overall performance difference
between top-10 results and those finishing among 21–30 in
both sexes. Furthermore, ∼31–35% of the group-difference was
explained by shooting performance (i.e., time spent in the penalty
loop due to missed targets), whereas shooting time and range
time (i.e., time at the shooting range minus shooting time)
together explained only 4–6% of the group-difference in overall
biathlon sprint performance. This is supported by the work of
Skattebo and Losnegard (2017) where the largest between-athlete
variability was found for XC skiing time followed by shooting
performance during biathlon sprint races.

Although the scientific understanding of XC skiing demands
is relatively well-defined (Sandbakk and Holmberg, 2014, 2017;
Losnegard, 2019), a more comprehensive understanding of the
demands of XC skiing performance in biathlon is needed. In their
review of the scientific literature in biathlon, Laaksonen et al.
(2018a) wrote that the forced breaks (when shooting) between
bouts of close to maximal intensity skiing is unique in endurance
sports. More accurate analyses of the skiing component of
biathlon races can be gained by combining wearable Global
Positioning Systems (GPS) with heart rate (HR) monitoring
during competitions. However, while this methodology has not
yet been employed in biathlon events for scientific purposes, the
many GPS-based studies performed in XC skiing have revealed
that more than 50% of the total race time is spent uphill and
that these terrain sections are most performance-differentiating
(Andersson et al., 2010; Bolger et al., 2015; Sandbakk et al., 2016b;
Solli et al., 2018). Although the physiological demands of the XC
skiing component of biathlon competitions are comparable to
those seen in XC skiing, biathletes compete only in the skating
technique and with a rifle carried on the back that alters the
energy cost and kinematical aspects of skiing (Stöggl et al.,
2015). In addition, biathletes’ pacing strategies need to take into
account the important 25–30 s shooting sequences during the
competition (Laaksonen et al., 2018b). Therefore, biathletes may
use less effort on uphill terrain sections to avoid accumulation of
fatigue when approaching the shooting range.

In addition, knowledge about the underlying laboratory-
measured performance-determinants for XC skiing performance

TABLE 1 | Characteristics (mean ± SD) of the eleven elite male biathletes

participating in the study.

Age (yrs) 21.4 ± 2.1

Body height (cm) 181.1 ± 4.7

Body mass (kg) 76.5 ± 4.8

Body mass index (kg·m−2) 23.5 ± 1.3

Rifle weight (kg) 4.0 ± 0.3

Annual traininga (hrs) 685 ± 115

Physical traininga (hrs) 585 ± 87

Shooting traininga (hrs) 100 ± 34

Maximum HRb (beats·min−1 ) 198 ± 8

aTraining volume categorized into hours of total training, physical training and shooting

training during the last 12 months prior to the competition.
bSelf-reported maximum heart rate (HRmax ) based on outdoor tests from the year prior to

this study.

in modern biathlon sprint races are lacking. XC skiing
performance has previously been linked to peak oxygen uptake
(VO2peak) and the ability to effectively convert metabolic energy
into external work rate and speed [i.e., gross efficiency (GE)]
in XC skiers (Sandbakk et al., 2010, 2011b, 2013, 2016a,b) and
Nordic combined athletes (Sandbakk et al., 2016c; Rasdal et al.,
2017). This has provided coaches and athletes with valuable
insight into the relationships between competition performance
and different performance-indices obtained in the laboratory.
However, the current knowledge on the importance of these
factors in biathlon is scarce, and their association to performance
has not been studied since the mid-1990s (Rundell, 1995; Rundell
and Bacharach, 1995).

On this basis, the present study aims to investigate the
contribution from overall XC skiing performance, performance
in different terrain sections, and shooting performance to
the overall biathlon sprint race performance. In addition, we
aim to examine the relationships between overall biathlon
and XC skiing performance to laboratory-measured capacities
obtained during treadmill roller skiing. We hypothesize that
XC skiing performance on uphill terrain provides the strongest
relationships with overall biathlon sprint performance, and that
uphill performance would correlate strongly with VO2peak and
gross efficiency while treadmill roller skiing.

METHODS

Participants
Eleven elite male biathletes, members of the junior and
recruitment team of the Norwegian Biathlon Association,
competing in the IBU-cup, Jr. World championships and at the
highest level in the Norwegian cup, volunteered to participate
in the study. The participant’s age, anthropometrics and training
characteristics are presented in Table 1.

Ethics Statement
The Regional Committee for Medical and Health Research Ethics
waives the requirement for ethical approval for this study.
Therefore, the ethics of the study is done according to the
institutional requirements and approval for data security and
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handling was obtained from the Norwegian Centre for Research
Data. Prior to the data collection, all participants provided
written informed consent to voluntarily take part in the study.
The participants were informed that they could withdraw from
the study at any point in time without providing a reason for
doing so.

Overall Design
During an international 10-km biathlon sprint competition in
mid-November 2016, regulated by the International Biathlon
Association (IBU), all study participants were tracked by a GPS
device and HR monitor. The racecourse was mapped with a
coupled GPS and barometer to provide a valid course and
elevation profile. The XC skiing course was further divided into
uphill, varied, and downhill terrain sections, and the overall
shooting component was separated into range time (time spent at
the shooting range excluding shooting time), shooting time and
penalty time (time spent in the penalty loop as a consequence
of misses at the shooting range). Within a period of 6 weeks
prior to the competition, all participants completed submaximal
and maximal laboratory testing while roller skiing on a treadmill
using different speed and incline combinations.

Laboratory Testing
Initially, the participants performed 15min of low-intensity
warm-up while roller skiing on the treadmill. The first 10min of
the warm-up were conducted without the rifle and the last 5min
while carrying the rifle on their back. Thereafter, the submaximal
tests were performed consisting of two 5-min stages (one with
and one without carrying the rifle) with 2-min recovery in-
between using each of the three most important sub-techniques
(G2–G4) in the skating technique (for amore detailed description
of sub-techniques, see Andersson et al., 2010). The first two
stages were conducted utilizing the G4 sub-technique at 3%
inclination and 20 km·h−1, followed by two stages using the
G3 sub-technique at 5% inclination and 15 km·h−1. The two
last stages were performed with the G2 sub-technique at 12%
inclination and a speed of 8 km·h−1, respectively. The inclines
were based on previous research indicating which inclines the
different sub-techniques are naturally employed. The speeds were
chosen to match all inclines for metabolic cost, based on pilot
tests of biathletes and XC skiers in our laboratory. Respiratory
variables and HR were measured continuously and the average
of the last 2min of each stage was used for steady-state analyses.
Blood lactate concentrations and RPE were determined directly
after completing each submaximal stage. In the final analyses,
only the measurements using the rifle were used. After a 5-min
recovery period, all participants completed maximal roller skiing
using an incremental test to exhaustion to determine VO2peak

and time to exhaustion (TTE; as a measure of performance).
The starting incline and speed was 10% and 11 km·h−1. The
initial speed was kept constant, while the incline was increased
by 2%-points every minute up to 14%. Thereafter, the speed
was increased by 1 km·h−1 every minute until exhaustion.
Respiratory variables and HR were measured continuously and
VO2peak was defined as the average of the three highest and
consecutive 10 s measurements. Peak HR (HRpeak) was defined

as the highest 5 s HR measurement during the test. Blood
lactate concentrations and RPE were measured directly after
the maximal-test. Treadmill roller skiing was performed on a
5 × 3m motor-driven treadmill (Forcelink B.V., Culemborg,
The Netherlands) with non-slip rubber surface on the treadmill
belt, allowing the participants to use their own poles with
special carbide tips. To minimize variations in roller resistance,
the participants used the same pair of skating roller skis with
standard category 2 wheels (IDT Sports, Lena, Norway). Before
the tests, rolling friction force (Ff) was tested with a towing test as
previously described (Sandbakk et al., 2010). The rolling friction
coefficient (µ) was determined by dividing Ff by the normal force
(Fn =Ff /Fn), and provided an average µ value of 0.0195, which
was included in the calculation of work rate. The biathletes used
their own rifle with an average weight of 4.0 ± 0.3 kg during
laboratory testing.

Respiratory variables were measured using open-circuit
indirect calorimetry with mixing chamber and 30 s averages
of the respiratory variables were used (Oxycon Pro, Jaeger
GmbH, Hoechberg, Germany). The instruments were calibrated
against ambient air conditions and certified gases of known
concentrations of O2 (15.0%) and CO2 (5.0%) before each test
session. The flow transducer (Triple V, Erick Jaeger GmbH,
Hoechberg, Germany) was calibrated using a 3-L high-precision
calibration syringe (Calibration syringe D, SensorMedics, Yorba
Linda, CA, USA). HR was continuously measured with a Polar
V800 monitor and synchronized with the Oxycon Pro system.
Blood lactate in 20 µL of blood was taken from the fingertip
andmeasured using the stationary Biosen C-Line lactate analyzer
(Biosen, EKF Industrial Electronics, Magdeburg, Germany).
The device was calibrated every 60min with a 12 mmol·L−1

standard concentration. Rating of perceived exertion (RPE)
was determined using the 6–20 Borg Scale (Borg, 1982). The
participants’ body-mass and mass of the rifle were measured
using a precise weight (Seca, model 708, GmbH, Hamburg,
Germany), and body-height using a calibrated stadiometer
(Holtain Ltd, Crosswell, UK), prior to the test.

Work rate was calculated as the sum of power against gravity
and friction: Pg+Pf =mgv [sin(α)+cos(α)µ], with Pg being
power against gravity, Pf power against friction, m the biathletes
body-mass including skiing shoes, roller skis (and the rifle
when roller skiing with the rifle), g the gravitational constant,
α the treadmill incline, µ the frictional coefficient and v the
treadmill speed. The aerobic metabolic rate was calculated as the
product of VO2 and the oxygen energetic equivalent using the
associated respiratory exchange ratio and standard conversion
tables (Peronnet and Massicotte, 1991). GE was defined as the
ratio of work rate and aerobic metabolic rate and calculated from
the submaximal tests (Sandbakk et al., 2010).

Competition Analysis
Prior to the competition, all the participants completed
low-intensity warm-up procedures according to their own
optimized protocols used in both training and competition. All
participants used their own equipment during the competition,
including rifle (4.0 ± 0.3 kg), poles (91 ± 1% of body
height), skating XC skiing shoes, and skating XC skis. The
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FIGURE 1 | 3D illustration of the 3015m XC skiing racecourse divided into 13

different terrain sections. Detailed information about the terrain sections is

described in Table 3.

skis were accustomed to individual preferences and prepared
for the current conditions with appropriate ski base material
and chamber stiffness. The weather conditions were stable
throughout the entire competition with average ambient air and
snow temperatures of−5.5 and−7.5

◦
C, respectively. The average

relative humidity was 85% during the competition and the wind
was low and stable at the shooting range, varying between 0.3
and 1.0 m/s. Weather conditions were continuously registered
during the competition using a weather station developed by
the Norwegian Top Sport Centre (delivered by Airtight Ltd.,
Oslo, Norway), measuring both air and snow temperatures and
humidity. Wind speeds during the competition were collected
from the official shooting results (Biathlon, 2017). The racecourse
consisted of a combination of artificial and natural snow and was
machine-groomed the samemorning as the competition day. The
course was set in an open area with minimal tree cover and no
steepmountains that could interfere with the GPS signals. Course
and elevation profiles of the racecourse were measured with
an integrated GPS and barometry using a Garmin Forerunner
920 XT (Garmin Ltd., Olathe, Kansas, USA), which collected
position and altitude data at a 1Hz sampling rate to define a
reference course with accompanying altitude profile as previously
described by Bolger et al. (2015) and Sandbakk et al. (2016b). The
participants hit rate (number of targets hit) was provided by the
official competition shooting results collected with an electronic
target system (Megalink) (Biathlon, 2017). Penalty time was used
as the measure of shooting performance in multiple regression

and correlation analyses. The XC skiing course was divided into
uphill, varied, and downhill terrain that equaled 37, 29, and 34%
of the total course distance, respectively. A part of the XC skiing
course prior to the shooting range was defined for analysis of
pacing toward shooting. This part of the course included terrain
section 12, defined as uphill, and section 13, defined as varied
terrain (Figure 1, Table 3). In addition, each participant’s time
spent in this part toward shooting was divided by the total
XC skiing time in uphill and varied sections on each lap for
analyses of their relative time in this “preparation phase prior to
shooting” compared to the rest of the course. The classification
of different terrain sections was based on the International Ski
Federation (FIS) homologationmanual for XC skiing racecourses
(FIS, 2017). A section boundary was defined where a change
between positive and negative gradient in the XC skiing course
profile occurred. Terrain sections with climb>10m and gradient
>6% were classified as uphill sections. Sections with descent
>10m and negative gradient >6% were classified as downhill
sections. Remaining sections were classified as varied terrain,
including short uphill and downhill sections interspersed with
flat sections. A part of the racecourse, consisting of flat terrain
in the start and finish of the competition, was not included in
the final analysis to ensure that the start and final sprint would
not affect the analyses of pacing strategies. The exact distance for
each lap of the XC skiing racecourse was then 3,015 m.

During the competition, each participant was tracked by a
Polar V800 GPS (Polar Electro Oy, Kempele, Finland), which
collected position and HR data at a 1Hz sampling rate. All GPS
watches were turned on at least 30min before the start of the
race to ensure that the GPS watches could acquire contact with as
many satellites as possible before race start, in order to optimize
GPS accuracy for the duration of the race. Furthermore, data for
all the participants were adapted to the reference course by fitting
each competitors’ GPS track to points along the reference course.
This method, developed in cooperation between the national
biathlon and XC ski federations, Norwegian Olympic Sports
Centre and academic institutions provide sufficiently accurate
data for the analyses needed here, amounting to a measurement
error of up to ±1 s for each 180 m-split, when being compared
to more accurate GPS-systems (Gløersen et al., 2018). Virtual
split times were defined at every section boundary (uphill,
downhill, varied terrain) along the course. Virtual split times in
the shooting component were defined using a combination of
GPS position and speed data. The time each participant spent in
the different components of the race, as well as HR characteristics
were calculated based on these virtual split times. Shooting time
was defined as the time on the shooting range when speed was
below 1.8 m/s (when athletes were at the shooting mat), whereas
penalty time was defined as the time spent between a point after
the range (i.e., before the penalty loop) and a point after the
penalty loop. Thus, athletes with no mistakes also had a short
penalty time. Range time was defined as the time spent at the
shooting range, without shooting time.

Statistical Analysis
All data were tested for normality using a Shapiro–Wilk test in
combination with visual inspection of data, and all variables are
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presented as mean ± SD. Correlations between overall biathlon
sprint race performance and the different sections of the race, as
well as correlations to laboratory capacities, were calculated using
the Pearson’s product-moment correlation coefficient or with the
non-parametric Spearman’s rank in cases where data were not
normally distributed. Deviation from normally distributed data
only occurred in the case of blood lactate concentration during
submaximal testing of the three sub-techniques. In these cases,

TABLE 2 | Overall performance, shooting performance, and time spent in the

different components of a biathlon sprint competition among eleven elite male

biathletes (mean ± SD).

Overall time (s) 1,574 ± 52

XC skiing time (s) 1,355 ± 43

Overall shooting component (s) 219 ± 23

Terrain sections (s) Uphill Varied Downhill

701 ± 31 339 ± 11 315 ± 6

Shooting performance Prone Standing Total

Hit rate (%) 91 ± 7 86 ± 6 89 ± 9

Penalty time (s) 34 ± 15 44 ± 15 78 ± 21

Shooting time (s) 31 ± 5 27 ± 4 58 ± 8

Range time (s) 41 ± 1 42 ± 1 83 ± 2

the Spearman’s rank test was applied. The coefficient of variation
(CV = standard deviation/mean) of time in different terrain
sections of the XC skiing racecourse was calculated. Differences
between prone and standing position with respect to shooting
time and HR, as well as differences in pacing between laps, were
tested using the paired sample t-test procedure. In addition, we
performed two different stepwise multiple regression analyses,
with model 1 having overall biathlon performance as dependent
variable and XC skiing performance, shooting performance,
shooting time, and range time as independent variables. In model
2, XC skiing performance was the dependent variable, and time
in different terrains were independent variables. Alpha values of
<0.05 determined the level of statistical significance and alpha
values between 0.05 and 0.1 were considered trends. All statistical
analyses were performed using IBM SPSS Software for Mac,
Version 21.0 (SPSS Inc., Chicago, IL).

RESULTS

Overall Biathlon Sprint Race Performance
The distribution of XC skiing time, penalty time, shooting time,
and range time in the overall biathlon sprint race time was
86.0, 5.0, 4.0, and 5.0%, respectively (Table 2). Stepwise multiple
regression analysis demonstrated that XC skiing time explained

FIGURE 2 | Overall competition time in relationship to XC skiing time, penalty time, shooting time, and range time during a biathlon sprint competition among 11 elite

male biathletes. Presented with individual data points and trend lines based on linear regression.

Frontiers in Sports and Active Living | www.frontiersin.org 5 November 2019 | Volume 1 | Article 6033

https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Luchsinger et al. Analysis of Biathlon Sprint Competition

84.0% (semi-partial R2 = 0.603), penalty time 14.2% (semi-
partial R2 = 0.139), shooting time 1.8% (semi-partial R2 =

0.020), and range time 0.2% (semi-partial R2 = 0.002) of overall
sprint race time variance (all p < 0.01). In addition, XC skiing
time was significantly correlated to overall biathlon sprint race
performance (r = 0.92, p < 0.01; Figure 2).

XC Skiing Performance
Time, CVs of time and speed in different terrain sections of the
XC skiing course are presented in Table 3. The distribution of
total XC skiing time spent in uphill, varied, and downhill terrains
were 52.0, 25.0, and 23.0%, respectively. Stepwise multiple
regression analysis demonstrated that time in uphill explained
90.7% (semi-partial R2 = 0.315), varied 8.6% (semi-partial R2

= 0.023) and downhill terrain 0.7% (semi-partial R2 = 0.007)
of the total variation in overall XC skiing time (all p < 0.01).
Time in uphill, varied, and downhill terrains were all significantly
correlated to the overall XC skiing time (r = 0.95, 0.82, 0.72,
respectively, all p < 0.05), and highest CVs of time were found
in uphill terrain sections.

Shooting Performance
The average hit rate was 89 ± 9% with 91 ± 7% in the prone
position, which was significantly better than the 86 ± 6% in the
standing position (p < 0.05). On average, %HRmax was 87 ±

3% at the start of the shooting, both in the prone and standing
position. During shooting, HRmax decreased to 69 ± 6% in
the prone position, whereas this drop was significantly smaller,
decreasing to 79 ± 4%, in the standing position (all p< 0.01).
On average, the biathletes in this study shot 4 s (13%) faster in
the standing than in prone position (p < 0.05). There was no
significant relationship observed between the biathletes %HRmax

at the start of shooting and shooting performance, in either prone
or standing shooting.

Pacing Strategies and Skiing Speed
Toward Shooting
Speed and HR profiles for the three laps are shown in Figures 3,
4. Lap times (details provided in Table 3) on all three laps were
significantly correlated to the overall XC skiing performance (r
= 0.84, 0.95, 0.85, p < 0.01). The second and third laps were
skied with 4.4 and 2.9% slower speeds in comparison to the
first lap, respectively, with the last lap being significantly faster
than the second lap (all p < 0.05). The participant’s mean time
in the defined section prior to shooting was 71 ± 2 and 73 ±

2 s for the prone and standing position, respectively. However,
relative times in this section compared to total time in uphill
and varied sections in the rest of the course on each lap were
0.7 ± 0.9%—points faster on the second and 3.1 ± 2.0%—points
faster on the third lap compared to the first lap (p < 0.05).
In addition, relative time in the section prior to shooting was
inversely correlated to total time on lap 2 (r = −0.64, p < 0.05)
and lap 3 (r = −0.75, p < 0.01) but not on lap 1 (r = −0.49, p
= 0.13). There was no significant correlation observed between
absolute or relative time or intensity in the last section before
shooting and shooting performance (i.e., penalty time) in the
prone or the standing position.

Laboratory Determinants of XC Skiing
Performance
Results from laboratory testing is provided in Table 4. During
submaximal roller skiing, RPE and %HRmax for G2 and G3
sub-techniques were significantly correlated (Figure 5, all p <

0.05), and tended to correlate for the G4 technique (both RPE
and %HRmax 0.06 < p < 0.07) with overall biathlon sprint
race performance, XC skiing time and time spent in all terrains
(Table 5). Furthermore, blood lactate concentrations in the G3
andG2 sub-techniques were significantly correlated to overall XC
skiing time and time spent in downhill terrain sections (all p <

0.05) and showed a trend to time spent in uphill terrain (p= 0.07
and p= 0.10 for G2 and G3, respectively).

The observed correlations between submaximal roller skiing
and XC skiing performance did not change when using
measurements from roller skiing without the rifle, although
carrying a rifle was associated with a 5% higher submaximal
oxygen cost, 3% higher HR, ∼0.5 mmol/L higher blood
lactate concentrations and 7% higher ratings of perceived
exertion in comparison to skiing without a rifle (all p <

0.01). GE was unchanged, and the observed differences in GE
between skiing with and without rifle were independent of sub-
technique utilized at the different speeds and inclines (see details
in Table 4).

TTE duringmaximal roller skiing correlated significantly with
overall biathlon sprint race time, XC skiing time, as well as time
spent in varied and downhill terrain (Table 5; all p < 0.05),
whereas TTE tended to correlate with time in uphill terrain
(p = 0.07). In addition, TTE did not correlate with XC skiing
performance on the first or second lap but correlated strongly
with the 3rd lap (r =−0.84, p < 0.01).

DISCUSSION

The primary aim of the present study was to investigate the
contribution from XC skiing and shooting performance to the
overall biathlon sprint performance, as well as the relationship to
laboratory-measured capacities obtained during treadmill roller
skiing. The main findings from the stepwise multiple regression
analyses showed that XC skiing time explained 84% of the overall
biathlon sprint performance, with shooting performance (i.e.,
penalty time) explaining 14% of the remaining variance and
shooting time and range time together explaining the remaining
2%. Time spent in uphill terrain sections had the strongest impact
on XC skiing performance (and explained 91% of the variance),
although performance in all types of terrain showed significant
associations. In addition, RPE and %HRmax during submaximal
roller skiing as well as TTE during incremental treadmill roller
skiing in the laboratory were significantly correlated to overall
biathlon performance and isolated XC skiing performance.

Overall Biathlon Sprint Race Performance
In the current study, XC skiing performance was clearly the most
important contributor to the overall biathlon sprint performance,
which support previous studies on biathlon sprint races (Skattebo
and Losnegard, 2017; Luchsinger et al., 2018). In our approach,
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TABLE 3 | Length (for each 3-km lap), elevation, time and speed, as well as coefficient of variance (CV) of time within different sections of terrain during the three laps of

the sprint competition among eleven elite male biathletes.

Lap 1 Lap 2 Lap 3

Section

number

Terrain

type

Section

length

(m)

Elevation

(m/%)

Mean

section

time (s)

Time CV

(%)

Mean

section

speed

(m/s)

Mean

section

time (s)

Time CV

(%)

Mean

section

speed

(m/s)

Mean

section

time (s)

Time CV

(%)

Mean

section

speed

(m/s)

S1 Varieda 45 – 9 ± 1 5.3 4.8 13 ± 2 13.6 3.4 13 ± 2 12.8 3.5

S2 Downhill 128 14/11 14 ± 1 6.2 9.5 14 ± 1 5.6 9.2 15 ± 1 7.3 8.9

S3 Varieda 226 – 27 ± 1 3.3 8.3 29 ± 1 4.4 7.8 30 ± 1 4.4 7.7

S4 Uphill 125 11/9 22 ± 1 5.2 5.6 24 ± 1 4.6 5.2 23 ± 2 6.7 5.4

S5 Varieda 304 – 36 ± 2 4.4 8.4 38 ± 2 4.5 8.0 38 ± 2 6.0 8.1

S6 Uphill 279 18/7 55 ± 3 5.3 5.0 58 ± 3 5.6 4.8 57 ± 4 6.9 4.9

S7 Downhill 428 27/6 41 ± 1 3.1 10.4 42 ± 1 2.8 10.2 43 ± 1 3.0 10.0

S8 Uphill 183 14/7 32 ± 2 5.8 5.8 33 ± 3 7.5 5.5 33 ± 2 6.6 5.6

S9 Downhill 288 18/6 30 ± 1 4.2 9.6 30 ± 1 3.4 9.6 31 ± 1 4.0 9.4

S10 Uphill 363 31/9 85 ± 6 6.6 4.2 87 ± 6 6.7 4.2 84 ± 7 8.1 4.3

S11 Downhill 178 15/8 19 ± 1 2.8 9.6 19 ± 1 3.4 9.4 19 ± 1 4.0 9.4

S12 Uphill 179 14/18 36 ± 1 4.0 5.0 37 ± 1 4.2 4.9 34 ± 2 7.1 5.2

S13 Varieda 289 – 35 ± 1 1.8 8.3 36 ± 1 2.4 8.1 35 ± 1 3.4 8.3

Sum Varied 864 – 107 3.7 7.5 116 6.2 6.8 116 6.7 6.9

Sum Uphill 1,129 88 230 5.4 5.1 239 5.7 4.9 231 7.1 5.1

Sum Downhill 1,022 74 104 4.1 9.8 105 3.8 9.6 108 4.6 9.4

Total 3,015 118b 441 ± 14 3.2 6.8 460 ± 16 3.5 6.5 454 ± 20 4.4 6.6

aElevation is not provided for varied terrain sections since these parts of the course consist of small uphills and downhills, as well as flat sections. For detailed specifications of varied

terrain, see the Methods section and Figure 1.
bTotal climb in one lap.

FIGURE 3 | Cross-country skiing speed for each of the three 3-km laps (upper panel) and speed differences on lap 2 and 3 compared to the first lap (mid panel)

during a biathlon sprint competition among 11 elite male biathletes.
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FIGURE 4 | Cross-country skiing heart rate (%HRmax) for each of the three 3-km laps (upper panel) and heart rate differences [in percent points (pp)] on lap 2 and 3

compared to first lap (mid panel) during a biathlon sprint competition among 11 elite male biathletes.

the stepwise multiple regression analysis demonstrated that XC
skiing performance explained 84% of the variation in overall
performance, while only 16% of the remaining variation in
performance was explained by the overall shooting component
(including shooting performance, shooting time, and range
time). Furthermore, the correlation between XC skiing and
overall performance was clearly larger than the corresponding
correlations for the overall shooting component. These main
findings extend upon the recent findings by Luchsinger et al.
(2018) who revealed XC skiing time to be the most important
contributor to the overall performance difference between top-
10 results and those finishing among 21–30 in both sexes in
biathlon World Cup sprint races. In the study by Luchsinger
et al. (2018), XC time explained ∼60% of the variance in overall
performance when averaged over 47World Cup sprint races. The
larger influence of XC skiing time found here may be due to
different methodologies between the studies, as well as natural
variations across competitions (e.g., racecourses with different
terrain in the sections prior to shooting and variation in snow and
weather conditions). In our case, the shooting conditions were
good (i.e., low wind speeds and good visibility) and athletes had
relatively high hit rates, similar to the 92–93% hit rates reported
among top-10 racers inWorld Cup sprint races (Luchsinger et al.,
2018). Thus, these factors could additionally have contributed
to the high impact of XC skiing performance on the overall
biathlon sprint performance in the current study. However, the
previous studies also highlight the larger importance of XC skiing
performance than shooting performance to the overall biathlon
sprint performance. Extending upon these findings, the current

study provides detailed insight into the different components of
the biathlon sprint competition, such as the importance of XC
skiing in different terrains and the effects of pacing strategy.

XC Skiing Performance
The relative distribution of time spent in the uphill terrain
sections accounted for 52% of the total XC skiing time and,
additionally, time spent uphill revealed a near perfect correlation
with XC skiing time. These findings are supported by higher
CVs of time within the uphill compared to varied and downhill
terrain sections, indicating greatest variation in time spent
uphill, followed by time spent in the varied and downhill
terrain sections, respectively. Altogether, the stepwise multiple
regression analysis demonstrated that time in uphill explained
∼91% of the variation in XC skiing performance. Indeed, uphill
terrain as the most performance-differentiating part of the XC
skiing performance is supported by previous research in XC
skiing (Andersson et al., 2010; Bolger et al., 2015; Sandbakk et al.,
2016b; Solli et al., 2018). However, in line with findings from XC
skiing (Sandbakk et al., 2016b), performance in all types of terrain
are important for achieving an excellent XC skiing performance
in biathlon as shown by the significant correlations between all
types of terrain and isolated skiing performance in this biathlon
sprint race.

In line with findings from Biathlon World Cup sprint races
(Luchsinger et al., 2018), the biathletes reduced their speed
during the second and third lap compared to the first lap of
the race, but skied the third lap faster compared to the second
lap. This indicates that athletes maintain physical reserves to
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TABLE 4 | Submaximal and maximal physiological responses and treadmill performance (mean ± SD) while roller skiing using different sub-techniques with (R) and

without (N) the rifle on the back among eleven elite male biathletes.

Submaximal tests G4R G4N G3R G3N G2R G2N

VO2 (L·min−1) 4.45 ± 0.28 4.24 ± 0.28** 4.44 ± 0.24 4.20 ± 0.23** 4.40 ± 0.26 4.20 ± 0.24**

VO2 (mL·min−1·kg−1) 57.9 ± 2.8 55.3 ± 2.6** 57.7 ± 2.0 54.6 ± 1.8** 57.3 ± 2.4 54.6 ± 2.4**

VO2 in % VO2peak 79 ± 5 75 ± 4** 78 ± 4 74 ± 4** 78 ± 4 74 ± 4**

RER 0.95 ± 0.02 0.94 ± 0.03 0.94 ± 0.03 0.93 ± 0.03* 0.93 ± 0.03 0.91 ± 0.03**

HR (beats·min−1 ) 176 ± 8 171 ± 7** 178 ± 8 174 ± 8** 178 ± 7 174 ± 7**

HR in %HRmax 89 ± 3 87 ± 2** 90 ± 3 88 ± 3** 90 ± 3 88 ± 3**

RPE (6–20) 14 ± 1 13 ± 1** 14 ± 1 13 ± 1** 15 ± 1 14 ± 1**

BLa (mmol·L−1) 3.8 ± 1.3 3.3 ± 1.0** 4.3 ± 1.9 3.7 ± 1.7** 4.3 ± 2.0 4.0 ± 1.8**

GE (%) 14.6 ± 0.7 14.6 ± 0.8 15.4 ± 0.5 15.6 ± 0.6 16.7 ± 0.7 16.7 ± 0.7

VO2peak-test

VO2peak (L·min−1 ) 5.63 ± 0.41

VO2peak (mL·min−1·kg−1) 73.7 ± 3.9

Peak RER 1.12 ± 0.30

Peak HR (beats·min−1) 193 ± 8

Peak BLa (mmol·L−1) 13.5 ± 1.3

RPE (6-20) 19 ± 1

TTE (s) 260 ± 20

VO2, oxygen uptake; HR, heart rate; HRmax , maximal heart rate based on outdoor tests from the year prior to this study; RPE, rating of perceived exertion; BLa, blood lactate concentration;

GE, gross efficiency; VO2peak , peak oxygen uptake from incremental test to exhaustion; TTE, time to exhaustion; *Significant difference between with and without rifle within sub technique

(**p < 0.01,*p < 0.05).

increase speed during the latter part of the race. Specifically, the
slightly reduced speed during the second lap prior to shooting in
the standing position may be a strategy to minimize a possible
negative effect of exercise intensity on shooting performance.
This assumption is strengthened by findings in XC skiing where
the athletes (who do not stop to shoot during the race) employ
a more clear positive pacing strategy (although with a short
end spurt) (Bolger et al., 2015; Losnegard et al., 2016; Sandbakk
et al., 2016b). Extending upon the findings from World Cup
sprint races, the detailed race analysis in this study shows that
the time in the last section prior to shooting relative to the
overall lap time was inversely correlated to total XC skiing
time on lap 2 and 3. This means that faster skiers generally
employed higher speed through the entire laps 2 and 3, but
that they paced slower toward standing shooting compared to
slower skiers. This pacing strategy fits well to the fact that
biathletes miss more in the standing position than in prone. It
also means that slower biathletes should carefully evaluate race
tactics concerning the approach to the shooting range. A possible
limitation of our approach is the use of a GPS watch with 1-
Hz sampling frequency that has some accuracy limitations in
comparison to high-end GNSS-systems (e.g., a 10Hz standalone
GNSS receiver or a differential GNSS; Gløersen et al., 2018).
However, attaching standalone high-accuracy GNSS-units onto
the biathletes was not an option in this case, as we have not
been able to identify a mounting solution that the top elite
biathletes find acceptable for high-level competitions. Also, a
recent study (Gløersen et al., 2018) where the applied GPS
watches were validated indicates sufficient accuracy for our
approach. Still, future field-based studies in biathlon should
aim to apply higher-accuracy GPS-systems in combination

with more advanced sensor technology (e.g., accelerometers
and gyroscopes) to gain further knowledge of the competitive
demands in biathlon.

Shooting Performance
The biathletes in this study hit 91 ± 7 and 86 ± 6% of the
targets in the prone and standing position, respectively, which
is almost equal to the average shooting performance of Top-10
in the World Cup sprint races (Luchsinger et al., 2018). In line
with these findings from the biathlon World Cup and Olympic
Games, we found a∼5% lower hit rate in the standing compared
to the prone position, which was accompanied by a 23% longer
penalty time. Thus, most biathletes lose more time due to missed
targets in the standing position than in prone in the biathlon
sprint competition.

The biathletes’ skiing intensities found here are also in line
with previous findings of biathlon competitions (Hoffman and
Street, 1992). Thus, the biathletes approach the shooting range
with similar physiological response as seen 25 years earlier.
However, here we found a smaller decrease in %HRmax during
shooting than reported by Hoffman and Street (1992), which
is probably explained by shorter shooting times employed by
the biathletes in our study compared to the group of biathletes
studied by Hoffmann and Street in 1992. The greater reduction
in HR in prone compared to standing position found in this
study was also in agreement with Hoffman and Street (1992),
which is likely explained by the 13% longer shooting time
in prone position in combination with higher HR in upright
compared to supine position. The reduction in HR during
shooting also puts different demands to the different shots
fired in a 5-shot-series and the high HR on the first shot
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FIGURE 5 | Cross-country (XC) skiing time in relationship to rating of perceived exertion (RPE), relative heart rate (%HRmax), blood lactate concentrations (BLa) during

submaximal roller skiing using the G2 sub-technique, and time to exhaustion during maximal roller skiing among 11 elite male biathletes. Presented with individual

data points and trend lines based on linear regression.

could probably be one reason why biathletes miss the first
shot twice as much as the second or third shot during prone
shooting in biathlon World Cup sprint races (Luchsinger et al.,
2018).

In another study, Hoffman et al. (1992) demonstrated that
the exercise intensity negatively influenced parameters related
to shooting technique in the standing position but to a lesser
extent in prone position. Although no correlation between
exercise intensity and shooting performance was seen for any
of the shooting positions in our study, this might be explained
by the relatively high hit rates and few mistakes to base the
statistical tests on. In the future, more detailed analysis of the
biathletes’ hit points (i.e., measured as distance from center or
group diameter) could probably provide additional information
on the effect of exercise intensity and the risk of misses at
the shooting range. Indeed, Hoffman et al. (1992) showed
that hit rate was not affected by exercise intensity, whereas
several detailed parameters related to shooting performance
such as wobble diameter (movement of the rifle 1 s prior
to trigger pull) and the spread of hits (mm) increased with
higher exercise intensity, especially in the standing position.

Thus, it might be that more detailed analysis of the spread
of hits would reveal other relationships to exercise intensity
than in our study. Interestingly, it has been suggested that
the most important parameters of biathlon shooting technique
are movement of the rifle in the vertical direction and
cleanness of triggering (i.e., movement of the rifle 0.2–0.0 s
before triggering; Ihalainen et al., 2018). This study additionally
found that these parameters were negatively affected by high
intensity exercise in both junior and elite biathletes, but that
elite biathletes scored better than juniors on these technique
parameters (Ihalainen et al., 2018). Altogether this indicates
that biathletes’ shooting technique is altered more by intense
exercise than what can be seen on shooting performance
measured as number of hits during a competition. This
highlights the importance of combining laboratory designed
studies with ecologically valid studies measuring actual biathlon
race performance. Therefore, further research should examine
the relationship between pacing toward shooting and detailed
shooting performance (i.e., measure movement of the rifle,
spread of hits) through designs that are more experimental
in nature.
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TABLE 5 | Correlations between physiological and performance variables obtained during submaximal and maximal roller skiing and the different XC skiing components

among 11 elite male biathletes.

Total

time (s)

XC

time (s)

Uphill terrain (s) Varied terrain (s) Downhill terrain (s)

Submaximal G4

VO2 (L·min−1) −0.07 0.07 0.17 −0.27 0.17

VO2 (mL·min−1·kg−1) 0.05 0.16 0.16 −0.02 0.34

VO2 in % VO2peak 0.26 0.29 0.25 0.13 0.55

HR (beats·min−1 ) 0.28 0.07 −0.05 0.34 0.15

HR in % of HRmax 0.91** 0.89** 0.87** 0.71* 0.58

RPE (6-20) 0.81** 0.93** 0.95** 0.64* 0.57

BLa (mmol·L−1) 0.45 0.49 0.43 0.35 0.63*

GE (%) −0.05 −0.11 −0.15 0.09 −0.19

Submaximal G3

VO2 (L·min−1) −0.00 0.17 0.28 −0.21 0.12

VO2 (mL·min−1·kg−1) 0.18 0.30 0.34 0.11 0.33

VO2 in % VO2peak 0.40 0.43 0.39 0.26 0.58

HR (beats·min−1 ) 0.31 0.14 0.00 0.37 0.27

HR in % of HRmax 0.85** 0.89** 0.87** 0.67* 0.69*

RPE (6-20)b 0.76** 0.84** 0.82** 0.58* 0.71*

BLa (mmol·L−1) 0.51 0.61* 0.53 0.48 0.78**

GE (%) −0.19 −0.31 −0.37 −0.07 −0.21

Submaximal G2

VO2 (L·min−1) 0.02 0.29 0.37 −0.07 0.28

VO2 (mL·min−1·kg−1) 0.19 0.46 0.44 0.26 0.54

VO2 in % VO2peak 0.39 0.53 0.47 0.36 0.72*

HR (beats·min−1 ) 0.27 0.13 −0.01 0.37 0.30

HR in % of HRmax 0.80** 0.89** 0.85** 0.67* 0.73*

RPE (6-20) 0.80** 0.90** 0.86** 0.70* 0.70*

BLa (mmol·L−1) 0.46 0.63* 0.56 0.46 0.75**

GE (%) −0.21 −0.48 −0.50 −0.23 −0.44

Maximal roller skiing

VO2peak (L·min−1 ) −0.25 −0.11 −0.01 −0.30 −0.16

VO2peak (mL·min−1·kg−1) −0.22 −0.16 −0.12 −0.14 −0.30

TTE (s) −0.67* −0.72* −0.56 −0.75** −0.85**

VO2, oxygen uptake; HR, heart rate; HRmax , maximal heart rate based on outdoor tests from the year prior to this study; RPE, rating of perceived exertion; BLa, blood lactate concentration;

GE, gross efficiency; VO2peak , peak oxygen uptake from incremental test to exhaustion; TTE, time to exhaustion. *p < 0.05, **p < 0.01.

Laboratory Determinants Associated With
XC Skiing Performance
The predictive values of RPE and %HRmax during submaximal
roller skiing for XC skiing time and time spent in different
terrains were significant for all three sub-techniques. In addition,
lower blood lactate concentrations in the G3 and G2 sub-
techniques were positively correlated to better XC skiing
performance and time spent in downhill terrain. Together, this
indicates that the submaximal stages were less demanding for
the best performing biathletes in the competition. These findings
are in line with a study in cycling, indicating that submaximal
measurements based on RPE revealed best relationships both
with performance and changes in performance over time
(Rodriguez-Marroyo et al., 2017). This highlights the relevance of
simply measured variables, such as RPE and %HRmax, to predict
biathlon sprint race performance.

Blood lactate levels on the submaximal stages (performed
in uphill terrain) were only correlated to downhill competition
performance and not to uphill or varied terrain. This could
be explained by the fact that athletes who are faster in the
uphill sections are also able to maintain speed better in this
terrain and thereby ski faster over hilltops, which subsequently
provides higher speeds in the downhill sections. This theory is
supported by findings in XC skiing, revealing higher variations
in speed at the end of uphill sections and subsequent transition
into downhill sections (Andersson et al., 2010), indicating the
importance of skiing fast over hilltops in order to create speed
in downhills. In addition, a recent study of XC skiers indicate a
lag in the physiological response after hilltops and strengthens
the importance of being able to create speed at the top of each
downhill section (Haugnes et al., 2019).The stronger association
between XC skiing performance and RPE or %HRmax than the
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corresponding relationship with blood lactate concentration can
likely be explained by the different physiological behavior of
these variables; blood lactate concentration might be relatively
similar between athletes of different performance levels at low
submaximal speed (such as the aerobic steady-state conditions
used here), whereas RPE and %HRmax would increase more
linearly with increased individual load—and thereby be higher
in lower level athletes at the same speed.

The submaximal oxygen cost and GE did not correlate to XC
skiing performance in this biathlon sprint competition, which
is in contrast to studies in the skating technique in XC skiing
(Sandbakk et al., 2010, 2011b, 2013). This means that faster
biathletes, who are able to ski on a lower %HRmax and RPE
on the submaximal stages, are not more efficient than lower
level biathletes, indicating that additional factors than efficiency
would explain the differences in XC skiing performance levels.
The most likely explanatory factor is that better XC skiers with
similar efficiencies have higher “maximal capacities,” which was
also indicated here by the longer TTE of faster skiers. However,
VO2peak did not correlate with XC skiing performance in this
study, and other factors than measured in our design must
have contributed to explain the performance differences in XC
skiing both on the field and during the treadmill test. This
could be factors such as indices of the anaerobic threshold
(which subsequently would allow skiers to compete on a higher
fraction of their “maximal capacity”) or anaerobic energy delivery
capacity. Therefore, a possible limitation of our approach is
the lack of additional physiological measurements (e.g., lactate
threshold). The fact that biathletes stop during shooting and have
shorter loops of skiing than normally employed in cross-country
skiing could imply that biathletes to a greater extent than cross-
country skiers must be able to accelerate from more stops during
a race and create faster speeds through more turns and smaller
but more uphills. However, analyses of the differences between
course profiles in XC skiing and biathlon are lacking so the latter
assumption remains unknown.

The submaximal stages using different sub-techniques were
performed both with and without carrying a rifle, but the
order of the stages was not randomized since our purpose
was to correlate physiological and perceptual responses with
race performance and not to examine the effects of carrying a
rifle per se. However, the observed correlations did not change
when using measurements without carrying a rifle, despite the
associated increase in submaximal oxygen cost, HR and blood
lactate concentrations compared to roller skiing without the rifle.
This indicates relatively robust results in these cases.

Performance in the laboratory, measured as TTE, correlated
to overall biathlon sprint race performance, XC skiing time
on the last lap and time spent in varied and downhill terrains.
When correlated separately with performance on each lap,
TTE correlated strongly with performance on the last lap, but
not with the first or the second lap. This indicates that better
performing athletes in the laboratory adjust their pacing on
the two first laps before shooting, which is different from XC
skiing, where skiers generally use a more positive pacing than
in biathlon. TTE during treadmill roller skiing has also been

shown to correlate with on-snow performance in elite XC skiers
(Sandbakk et al., 2011a). Hence, this emphasizes the relevance of
determining performance by an incremental test to exhaustion in
the laboratory when monitoring the development of biathletes’
performance level. In addition, it indicates that better performing
athletes use different pacing strategies than their lower
level peers.

In the current study, no significant associations were identified
between VO2peak and XC skiing time, nor time spent in different
terrains. These findings are in agreement with Rundell and
Bacharach (1995), who showed that TTE during treadmill
running and performance during a 1 km double-poling time-
trial on snow correlated significantly with performance during
a biathlon sprint race among men, whereas VO2peak did not. In
contrast, previous observations in XC skiing highlight VO2peak

as a key determinant of performance (Sandbakk and Holmberg,
2017). The reason for these somewhat conflicting findings
are not known but could be explained by differences in the
heterogeneity of groups in the different studies or different
demands in XC skiing compared to biathlon. However, the
average VO2peak among the participants in our study is lower
than was previously found in Olympic- or World Championship
medalists in biathlon (Tønnessen et al., 2015). In addition, the
stages of rifle shooting, leading to periods of ∼60–90 s with a
reduction in exercise intensity toward shooting in addition to
the time spent at the shooting range make biathlon competitions
even more interval-based than in XC skiing and pacing strategies
may play a more important role.

CONCLUSION

The present study showed that XC skiing performance provides
greatest impact on overall biathlon sprint performance, with 84%
of the variance being explained by this component and most of
the variance determined by the time spent in the uphill terrain
sections. Overall, this indicates that biathletes should emphasize
the development of their XC skiing performance to perform
well in biathlon sprint competitions. Although biathletes need
to ski fast in all types of terrain, improvements in uphill-specific
performance seem to have a particular impact on the overall
performance in the biathlon sprint competition. While shooting
performance in general is an important component in biathlon,
it had clearly lower importance than XC skiing in this study,
where penalty time explained 14% of the remaining variance in
overall sprint race performance and shooting time and range time
together only 2% of the final variance. In addition, race tactics
and pacing are important aspects in biathlon competitions and
our data indicate a further potential to enhance performance by
optimizing pacing strategies, especially among the slower skiers
who lose most time on the last lap to the faster skiers.

Based on treadmill roller ski tests in the laboratory, lower
ratings of RPE and %HRmax during submaximal roller skiing
in the three main sub-techniques of skating, as well as
longer TTE during an incremental test to exhaustion, were
strongly correlated to overall biathlon sprint performance
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and XC skiing time. Such laboratory-derived measures
may therefore be validly used to distinguish biathletes of
different performance levels and to track progress of their XC
skiing capacity. In contrast, the non-significant relationships
to peak oxygen uptake and gross efficiency indicate that
other variables than those measured here (such as anaerobic
capacity) also contributed to TTE and biathlon performance in
these athletes.
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Reliable assessment of the performance of alpine skiers is essential. Previous studies

have highlighted the potential of Global Navigation Satellite Systems (GNSS) for

evaluating this performance. Accordingly, the present perspective summarizes published

research concerning methodological and practical aspects of the assessment of alpine

skiing performance by GNSS. Methodologically, in connection with trajectory analysis, a

resolution of 1–10 cm, which can be achieved with the most advanced GNSS systems,

has proven to provide acceptable accuracy. The antenna should be positioned to follow

the trajectory of the skier’s center-of-mass (CoM) as closely as possible and estimation

of this trajectory can be further improved by applying advanced modeling and/or other

computerized approaches. From a practical point of view, effective assessment requires

consideration of numerous parameters related to performance, including gate-to-gate

times, trajectory, speed, and energy dissipation. For an analysis that is both more

comprehensive and more easily accessible to coaches/athletes, video filming should be

synchronized with the GNSS data. In summary, recent advances in GNSS technology

already allow, at least to some extent, precise biomechanical analysis of performance

over an entire alpine skiing race course in real-time. Such feedback has both facilitated

and improved the work of coaches. Thus, athletes and coaches are becoming more

and more aware of the advantages of analyzing alpine skiing performance by GNSS in

combination with advanced computer software, paving the way for the digital revolution

in both the applied research on and practice of this sport.

Keywords: Galileo, GPS, GLONASS, biomechanics, trajectory, speed, velocity, energy dissipation

INTRODUCTION

In outdoor sports such as alpine skiing, valid and reliable assessment of performance in the field
is essential, but, at the same time, quite challenging. For finding answers to many questions
concerning performance, experiments under representative real-life conditions are indispensable
and standardized procedures employing the latest advances in wearable technologies are central
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in this context. Previous studies have highlighted the
considerable potential of Global Navigation Satellite Systems
(GNSS) for evaluating alpine skiing performance based on
monitoring of parameters such as time, speed and mechanical
energy (Brodie et al., 2008b; Supej, 2010; Supej and Holmberg,
2011; Supej et al., 2013; Gilgien et al., 2014a, 2015a,b, 2016;
Fasel et al., 2016; Kröll et al., 2016). The application of such
technologies should allow both researchers and coaches to
analyze the patterns of motion/tactics of athletes in depth and
test sports equipment thoroughly.

Although alpine skiing performance can be characterized in
terms of a variety of different biomechanical parameters, skiing
from the start to the finish line as rapidly as possible is the obvious
ultimate goal set by the International Ski Federation (FIS, 2016).
Performance can be improved in many ways, but a skier can
spend years attempting to gain a few hundredths of a second,
which often make the difference between winning an Olympic
medal or not. Nonetheless, the time spent on shorter sections of
an alpine racing course can vary as much as 10%, even among the
fastest skiers (Supej and Cernigoj, 2006), so there is considerable
room for improving sectional performance.

Continuous adaptation of turning technique to changes in
terrain, slopes, gate setup, and snow conditions is technically
complex and requires assessment of parameters of performance
that are more detailed and nuanced than simple overall race time
(Supej, 2008; Supej et al., 2011; Federolf, 2012; Spörri et al., 2018).
However, such analyses are extremely challenging, since many
kinematic and kinetic factors influence performance, directly
or indirectly. The most obvious kinematic parameters include
section time, determined by the skier’s trajectory and velocity;
while the kinetic parameters include aerodynamics, interaction
between the skis and snow (Federolf, 2012; Hébert-Losier et al.,
2014), and energy dissipation, this latter constituting the best
indicator of both instantaneous and sectional performance
(Supej, 2008; Supej et al., 2011; Spörri et al., 2018). At
present, no analytical approach provides a straightforward
explanation of the difference between the fastest and slowest
turns (Spörri et al., 2012). Clearly, multiple parameters must be
monitored simultaneously.

Assessment of appropriate biomechanical parameters with
modern wearable technology (such as the GNSS) can reveal
minor, but nonetheless essential details concerning alpine skiing
performance. Importantly, GNSS technology provides data quite
rapidly, feasibly in real-time. However, insufficient accuracy
and/or invalid methodology may lead to incorrect conclusions
and reliable methodological advice concerning techniques,
tactics and equipment is obviously a necessity. Accordingly,
this commentary focuses on published research concerning
methodological and practical considerations associated with the
assessment of alpine skiing performance by GNSS.

PRACTICAL CONSIDERATIONS

The multitude of biomechanical factors reported to influence
performance include sectional or overall times, trajectory of

the skis and/or of the center of mass, energy, ground reaction
forces, aerodynamic drag, and frictional forces (Hébert-Losier
et al., 2014). GNSS technology disturbs the skiers very little
and is relatively easy to install and, therefore, has been applied
extensively in assessing the performance of alpine skiers.

Kinematic Parameters of Performance
In connection with competitive alpine skiing, accurate
determination of section time is essential (Supej and Holmberg,
2011). To achieve the shortest overall time on a course, the
skier should (1) lose as little time as possible on his/her weakest
sections and gain as much as possible on the strong sections or
(2) strive for his/her best time on each and every section (Supej
and Cernigoj, 2006; Hébert-Losier et al., 2014). By determining
gate positions and the skier’s trajectory, GNSS technology enables
assessment of gate-to-gate time with pronounced accuracy and
validity (as compared to photocells) and no systematic bias,
as well as an error that declines at higher velocities (Supej
and Holmberg, 2011). Furthermore, multiple comparisons of
gate-to-gate and lag times have demonstrated that GNSS enables
much more detailed analysis than routine usage of photocells.

However, evaluation of performance on the basis of racing
time alone, even on short sections of a course, involves several
limitations (Supej, 2008). First, this time is influenced by the
skier’s initial velocity, position, and orientation. Secondly, the
position and orientation at the end of a section relative to
the following gate, as well as the exit speed will exert little
influence on section time, butmay affect subsequent performance
profoundly. Third, such chronological information about when
the skier is present at the initial and final positions of a section
cannot explain why one skier is faster than another. Accordingly,
other measures of performance are required.

In addition to racing time, skiing trajectory can also be
analyzed by GNSS. In general, skiing the shortest possible
trajectory rapidly results in the fastest time, but is often connected
with higher energy losses (Supej, 2008; Federolf, 2012; Spörri
et al., 2018). The ability to maintain high speed depends not
only on the trajectory, but also on the skier’s technique and
choice of trajectory. Accordingly, valuable insights that improve
performance can be gained by monitoring gate-to-gate times
and velocities in order to analyze parameters related to skiing
trajectory, such as whether the turn is started/ended at a higher
or lower position in relationship to the gate or whether the
trajectory is direct or more wider/rounded (Brodie et al., 2008a;
Supej, 2008, 2012; Federolf, 2012; Spörri et al., 2012, 2018). This
approach can also be of considerable value in connection with
testing equipment (e.g., skis, ski boots), which in a broader sense
is closely related to performance.

Kinetic Parameters of Performance
Aerodynamic drag and ski–snow friction are the only two
mechanical forces that can exert a detrimental impact on skiing
performance (von Hertzen et al., 1997; Federolf et al., 2008;
Meyer et al., 2012; Supej et al., 2013). When skiing downhill,
aerodynamic drag accounts for almost 50% of the differences
in racing time between slower and faster alpine skiers (Luethi
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and Denoth, 1987); whereas in the case of giant slalom, this
drag causes only 15% of the total energy loss per turn and
is not considered a major determinant of performance (Supej
et al., 2013). The aerodynamic drag becomes more important
as the speed increases (e.g., from slalom to downhill) (Gilgien
et al., 2013, 2018). The opposite is true for ski-snow friction,
which is more important at slower speeds, particularly when
turning. During slalom and giant slalom, the ski-snow friction
dissipates most of the energy (Supej et al., 2013). Even in the
speed disciplines, involvingmore intense turning, the skiers focus
more on guiding the skis smoothly than minimizing the frontal
area exposed.

GNSS technology has been successfully applied to characterize
aerodynamic drag (Gilgien et al., 2013; Supej et al., 2013)
and ski-snow friction (Gilgien et al., 2013), as well as to
estimate ground reaction forces during giant slalom, super-
G, and downhill (Gilgien et al., 2014a). However, although
this technology in combination with advanced computation
and modeling, including double differentiation, is particularly
suitable for investigating large differences between disciplines,
such methodology is probably less able to detect small differences
in performance.

Since aerodynamic drag makes only a small contribution
to overall energy dissipation in the technical disciplines (giant
slalom and slalom), it appears advisable to utilize overall
energy dissipation, which is less prone to computational
error, to assess performance in these cases (Supej, 2008;
Supej et al., 2011). Moreover, as already discussed above,
timing over a short section depends strongly on the
performance in the preceding section (Supej et al.,
2011) and the speed itself may change due to changes
in, e.g., inclination. Therefore, analysis of energy, a
more integral kinetic parameter, can improve evaluation
of performance.

To summarize, no individual biomechanical parameter can
explain why one skier is faster than another (Hébert-Losier
et al., 2014). Kinematic parameters reflect more the outcome
of performance (i.e., without consideration of cause), whereas
kinetic parameters may provide insight into the underlying
causes. Thus, successful skiers need to exploit the intricate
interactions between biomechanical parameters and technique
under varying conditions in a manner that minimizes section
and/or overall race times.

METHODOLOGICAL CONSIDERATIONS

Validity and Reliability
GNSS in combination with integrated accelerometers has been
applied extensively to a variety of sports during the past
decade, e.g., for measuring the running velocity of team-sport
players, both during matches and training (Johnston et al.,
2012, 2014; Varley et al., 2012, 2014; Hoppe et al., 2018).
Moreover, numerous investigations have focused on the validity
and reliability of such systems for determining acceleration
and/or speed during various forms of locomotion (Schutz and
Herren, 2000; Townshend et al., 2008; Barbero-Alvarez et al.,
2010; Coutts and Duffield, 2010; Aughey, 2011; Waldron et al.,

2011; Varley et al., 2012; Akenhead et al., 2014; Johnston
et al., 2014; Scott et al., 2016; Nagahara et al., 2017; Roe
et al., 2017; Hoppe et al., 2018), utilizing photocells as the
“golden standard” in most cases. Unfortunately, most such
studies have not assessed velocities of relevance to competitive
alpine skiing.

In the case of running, the validity and reliability of
commercially available GNSS systems, even those of the same
brand, is influenced by a number of factors. The slower the
sample rate (Coutts and Duffield, 2010; Aughey, 2011; Varley
et al., 2012), higher the velocity (Petersen et al., 2009; Jennings
et al., 2010; Johnston et al., 2012), shorter the duration of
activity (Petersen et al., 2009; Coutts and Duffield, 2010)
and greater the number of changes in direction (Duffield
et al., 2010; Jennings et al., 2010), the lower the validity and
reliability of GNSS data. For example, a reduction in sampling
frequency from 10 to 5Hz can elevate both the standard
error and coefficient of variation two- to three-fold (Waldron
et al., 2011). On the other hand, even inexpensive GNSS
systems measure speed with considerable accuracy, especially at
lower acceleration (Supej and Cuk, 2014). Furthermore, real-
time assessments with GNSS and/or synchronization of this
technology with others (e.g., Inertial Motion Unit; IMU) requires
caution, because of the pronounced latency of inexpensive
systems, particularly those sampling at 1Hz. In this context,
it should be noted that the systems employed should be
selected carefully, since some products advertise higher sampling
rates that provide little or no benefit in practice (Haugen
and Buchheit, 2016). On the other hand, a previous study
proposed that supplementing GNSS with inexpensive and
light-weight accelerometers offers a cheap and promising
alternative with which to improve sampling rates and accuracy
(Waegli et al., 2009).

At the same time, the validity and reliability of GNSS can
be improved by employing high-quality differential/real-time
kinematics (RTK) systems (Gilgien et al., 2014b), as is more
often done in investigations on alpine skiing (Supej et al., 2008,
2013; Supej, 2010; Supej and Holmberg, 2011; Gilgien et al., 2013,
2015a,b, 2016, 2018). In fact, with their highest accuracy and
applicability, RTKGNSS systems represent the “golden standard”
for alpine skiing. In most studies on alpine skiing, an acceptable
accuracy for trajectory analysis has proven to be 1–10 cm, at
least when examining the technical disciplines (slalom and
giant slalom), where gate distances and differences in trajectory
are smaller than in the speed disciplines. Such great accuracy
can only be achieved with differential, GPS+GLONASS (the
United States plus the Russian global navigation satellite systems)
and dual frequency GNSS systems (Gilgien et al., 2014b), working
either in real-time (RTK) or post-processing kinematic mode.
Improvements in the sensitivity of the receivers, an increase
in the number of satellites, and development of tracking on
multiple frequencies (e.g., the Galileo GNSS has four) are
enhancing the position accuracy of newer, less expensive systems
(GalileoGNSS, 2018).

Most high-quality RTK systems provide sampling rates of
10–20Hz, sometimes as high as 100Hz; however, based on
our own experience, at such high frequencies accuracy is
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often compromised. In addition, even with optimal satellite
visibility and accuracy on the order of 1 centimeter, monitoring
of position at 100Hz results in a high noise-to-signal ratio1

when determining, e.g., speed or, even worse, acceleration by
double differentiation. This noise then needs to be filtered out
by proper algorithms, most often using restrictive low-pass
digital filters, which render such high sampling frequencies of
questionable value.

Finally, to ensure optimal precision, the use of geometric
dilution of precision (GDOP) and visible satellites with a
sufficiently broad azimuth angle is advisable (Supej and
Holmberg, 2011), since measurements are affected by the
constantly changing constellation of the satellites involved
(Parkinson and Spilker, 1996). Furthermore, during analysis
of performance, the error for each position on the trajectory
surveyed must be determined, since with GNSS technology this
error may change rapidly.

Positioning Antenna in Relationship to the
Skier’s Center-of-Mass
The major drawback of a single GNSS unit is that only a
single trajectory, i.e., the path of the antenna, can be monitored.
Obviously, placing the antenna on the skier’s center-of-mass
(CoM), from a biomechanical perspective probably the most
interesting position to track, is quite difficult. Most commonly,
the antenna is positioned either on the neck (in the vicinity of
the upper thoracic spine) (Supej et al., 2008, 2013; Supej, 2010,
2012; Supej and Holmberg, 2011; Nemec et al., 2014) or on top of
the head (typically on the helmet) (Gilgien et al., 2013, 2015a,b,
2016, 2018). Each of these placements has certain advantages and
disadvantages: the antenna on the neck is closer to the CoM,
but satellite visibility may be restricted. In contrast, placement
on the head usually provides better satellite visibility, but the
antenna is then further from the CoM, with a longer lever,
while also restricting head movement and elevating the torque
on the skier’s neck in connection with rapid acceleration during
turning, landing or similar actions. Placing multiple antennae
on the skier in order to monitor the position of the CoM more
accurately is not advisable, because this will reduce satellite
visibility in the case of antennae positioned below the shoulders
and wearable systems that are sufficiently accurate (e.g., RTK
GNSS) are also bulky. Therefore, placement of the antenna on
the skis, as suggested by Seifriz et al. (2003), is, in our opinion,
also not desirable, since this may in addition also interfere with
the behavior of the skis.

To improve analysis of the kinematics of the CoM on the
basis of positioning data provided by GNSS antennae, various
approaches have been explored. Supej (2008) modeled the
skier’s body as a statically balanced inverted pendulum and
then employed Kalman filtering to estimate the acceleration
required to compute the equilibrium position of this pendulum.

1Monitoring two consecutive positions with a latitude accuracy of 1 cm and a

sampling rate of 100Hz is associated with a 2 m/s error in speed, which, after

double differentiation, results in a 400 m/s2 error in acceleration. In contrast, the

same position accuracy at 20Hz is associated with corresponding errors of 0.4 m/s

and 16 m/s2.

A similar calculation of the quasi-static equilibrium of an
inverted pendulum has been proposed by Gilgien et al. (2015b).
In addition, in order to estimate the COM while taking into
consideration the influence of air drag during giant slalom
skiing, this approach has been improved further by taking
the dynamics of the inverted pendulum into account as well
(Supej et al., 2013).

In comparison to video-based 3D kinematics (Gilgien et al.,
2013, 2015b) and inertial systems (Nemec et al., 2014), such
inverted pendulum models provide accurate results during the
more rapid turning in the vicinity of gates, where radial forces
are stronger, but poorer results during weight transitions, which
involve weaker forces. Novel solutions to this problem that have
been proposed include locally weighted projection regression
and back-propagation neural networks designed to predict the
skier’s posture from the GNSS data (Nemec et al., 2014), both of
which demonstrate errors of prediction substantially smaller than
those obtained with inverted pendulum models. Moreover, these
novel approaches are computationally less demanding, allowing
utilization in real-time.

Alternatively, multiple inertial sensors in combination with
GNSS can be used to monitor whole-body 3D kinematics during
alpine skiing (Brodie et al., 2008a; Krüger and Edelmann-
Nusser, 2010; Supej, 2010), enabling detailed analysis over the
entire course. Accordingly, when the movement of fewer body
segments or only of the CoM is of interest, the number of
inertial sensors can be reduced (Fasel et al., 2016). Although
usage of multiple inertial sensors in combination with GNSS
is of considerable value in connection with advanced scientific
research, its methodological complexity makes it impractical for
monitoring performance in the field. Nevertheless, adding an
accelerometer to assist RTK GNSS may also be used to help to
navigate zones where GNSS signals are unreliable (Skaloud and
Limpach, 2003).

Synchronizing GNSS With Video
Recordings
Despite the many advantages of wearable GNSS technology,
this technology alone does not provide feedback that is fully
intuitive to athletes and their coaches. A relatively simple way
to circumvent this difficulty is to combine video recordings
with the GNSS. Qualitative visual information can greatly assist
in the analysis of performance, especially since athletes and
coaches routinely examine video recordings. For more advanced
analysis, synchronization between the GNSS and video recording
is necessary and this can be achieved with different types of
hardware or even through simple body movements, such as
squats (Supej, 2012).

FUTURE PERSPECTIVES

Again, it is worth noting that the differences in the race
times of Olympic alpine skiers who take gold and silver
medals are no more than hundredths of a second (e.g.,
0.01 s in the case of the women’s Super-G in the 2018
Pyeongchang Winter Olympics), rendering virtually all factors
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that influence performance extremely important. Although the
technological ability to assess the biomechanics of alpine skiers
has been improved substantially in recent decades, relatively
little is yet known concerning optimization of performance
over an entire course (Hébert-Losier et al., 2014) or about
interactions between skiing on successive sections (Supej and
Cernigoj, 2006). Recent advances in GNSS technology will
and, to some extent, already do allow precise biomechanical
analysis of performance over an entire race course in real-
time (Supej et al., 2008, 2013; Supej, 2012; Gilgien et al.,
2013), providing much more detailed information about
such factors.

Continuous miniaturization of mechanical, electrical, and
optical sensing technologies that enable assessment of the
kinematics and kinetics of human motion and performance
will lead to even more comfortable and flexible monitoring
and assessment of the training load, technique, choice of
trajectory and performance of alpine ski racers (Heikenfeld
et al., 2018). In this connection, an innovative approach to
estimating center-of-mass that involves fusing inertial sensors
with anchor points that become available periodically has been
proposed recently (Fasel et al., 2018). Further development
of lighter and less bulky GNSS systems with accelerometers
could provide a cheaper alternative to RTK systems in this
context. More user-friendly and automated software involving
artificial intelligence (machine learning, neural networks, and
deep learning) in combination with wearable technology is
expected to allow real-time feedback in the near future
(Nemec et al., 2014). Therefore, coaches will need more
technical and computer skills and/or expert assistance. Finally,
in analyzing alpine skiing, both experts and coaches must
become more aware of the possibilities offered by highly
accurate GNSS.

CONCLUSIONS

Wearable technologies, especially GNSS, have been widely
used in research on alpine skiers. The biomechanical feedback
provided by such technologies has improved and facilitated
the work of coaches. Many skiing teams occasionally or even
regularly employ GNSS technology to assess skiing performance
and test equipment. This approach can help identify minor, but
important differences between athletes that cannot be detected by
the naked eye, standard photocells or video analysis (e.g., gate-
to-gate timing, comparison of gate-gate velocities, and precise
analysis of trajectory). Athletes and coaches are becoming more
and more aware of the advantages of GNSS and other wearable
technologies in combination with advanced computer software,
paving the way for digital revolution of the science, as well as the
practice of sports.
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Several methods to determine turn switch points during alpine skiing using the vertical

GRF exist in the literature. Although comparative studies between pressure insoles (PI)

and force platforms (FP) have been conducted, there are no reports comparing the

detected time points. Yet, these sensors and methods have been used interchangeably.

This study aims to compare the turn switch time points with both sensors and various

methods. Twenty skiers performed turns with FP and PI for two different ski styles (high

and low dynamic turns). Three different assessment methodologies were compared:

minima, functional minima, and crossings. Bland Altman and repeated measures ANOVA

were used to assess statistical differences. Main effects of sensor and method were

observed (p < 0.001). Although there was a low effect size (η2
p = 0.013) between FP and

PI, the 95% CI yielded values representing >30% of the turn duration. A large effect size

(η2 = 0.153) was found between the crossing method and the minima and functional

minima methods. This indicates that those methods assess different events during the

turn switch phase. In conclusion, the sensors and assessment methodologies compared

in this study are not interchangeable with the possible exception of the minima and

functional minima assessed with FP.

Keywords: event detection, force binding, GRF, pressure, sensor, ski

INTRODUCTION

In sports, the determination of performance usually depends on small details. Consequently,
qualitative assessment of the factors influencing performance is necessary for both recreational and
elite levels. The characteristics of alpine skiing make it challenging to study the different features
related to performance, injuries, or coaching. Over the last decades there have been several studies
using sensors that could collect data while skiing (Müller et al., 1998; Supej et al., 2008; Stricker et al.,
2010; Supej, 2010; Nakazato et al., 2011; Hirose et al., 2013; Nemec et al., 2014; Falda-Buscaiot and
Hintzy, 2015). To properly assess the specific details influencing alpine skiing such as edge angle,
symmetry or turn phases (Müller and Schwameder, 2003; Spörri et al., 2012; Supej et al., 2013;
Hebert-Losier et al., 2014), it is necessary to segment the ski runs into the basic units, ski turns. In
order to calculate those metrics, it is essential to determine precisely when each turn begins (Spörri
et al., 2012).

The typical motion during alpine skiing consists on a cyclic loading and unloading phase
for each turn. The up-unweighting phase is characterized by a load shift from the outer to
the inner ski (Müller and Schwameder, 2003). This shift is suggested to correspond with
the moment of edge change, and consequently the turn switch point (Nakazato et al., 2011).
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Accordingly, the ground reaction force (GRF) is frequently
used to determine turn switches (Nakazato et al., 2011; Spörri
et al., 2015; Yu et al., 2016). Two sensors have been used
indiscriminately to measure GRF: portable force platforms (FP),
and pressure insoles (PI). Although FP are the gold standard
for force measurement, PI presents some advantages facilitating
the data collection process. PI are generally easy to use, wireless,
almost non-obtrusive, while FP require extra mechanics, wiring
and energy supply. Differences have been found between the
force values measured with both sensors during skiing (Nakazato
et al., 2011). The PI tend to underestimate the force values from
21 to 54% depending on the phase of the turn, the skier’s level, the
slope, and the skiing style (Nakazato et al., 2011). Additionally,
the force application point and the center of pressure have
been shown to follow different patterns, accentuated in the
mediolateral direction (Nakazato et al., 2013). These differences
are likely due to the sensor locations, as plantar pressure systems
do not measure a significant component of the GRF that is
transferred through the ski boot cuff (Stricker et al., 2010;
Nakazato et al., 2011). Although comparisons between FP and PI
have been done regarding force magnitude and application point,
to the authors knowledge there are no studies comparing the time
point of the turn switch based on GRF measures.

Apart from the various sensors, several methods to assess the
turn switch point based on GRF have been used. Nakazato et al.
(2011) used the minimum value of the vertical GRF, representing
the point with the minimum load. Although data was collected
from both FP and PI, the determination of the turn switch
point was only based on the total force combined from both
legs assessed with FP. Spörri et al. (2015) detected the beginning
and end of each turn based on what they called the “functional
minima” of the GRF during the turn switch. To calculate the
functional minima, they selected the force values below a certain
threshold for each run. The threshold was set as the highest
minima among all the summed left and right turn force curves.
They defined the turn switch point as the midpoint between the
first and the last time points of each turn below this threshold.
The advantage of this assessment methodology is that it avoids
possible misdetections of turn switch points due to noise or
vibrations. Finally, between turns there is a load transmission
from the outside to the inside leg. During this phase, there is a
point where the load is equal for both sides. It has been suggested
that this point could correspond with the turn switch point
(Müller and Schwameder, 2003; Yu et al., 2016).

In order to determine if the FP and PI measurement systems
can be used interchangeably for turn detection in alpine skiing,
this study aims to compare the time points of turn detection
between FP and PI using the different methodologies previously
proposed. A second aim is to compare those turn detection
methodologies and evaluate if they detect the same events during
alpine skiing.

MATERIALS AND METHODS

To assess the agreement of the turn switch point detection
between various assessment methodologies measured with FP

and PI, a studywas designedwhere skiers performed alpine skiing
turns in two styles (high and low dynamic turns).

Participants
A total of 20 skiers (18 males and 2 females; Mean ± SD: Age
= 24.7 ± 3.5 years; Height = 1.78 ± 0.08m; Weight = 73.7
± 9.2 kg) took part in the study. Before the measurement, all
participants were informed in detail about the testing procedures,
as well as possible benefits and risks of the investigation prior
to signing the consent form approved by the local Ethics
Committee. The experiment was conducted in accordance with
the Declaration of Helsinki.

The measurements were performed for 10 days within
2 weeks. The snow temperature was consistent across all
measurement days with a mean temperature of −1.1 ± 2.2◦C.
The mean air temperature was −0.4 ± 4.8◦C. The upper part
of the measurement slope had an inclination of 23◦ while the
bottom part had an inclination of 15◦. The slope was machine
groomed daily resulting in a compact layer of natural and
artificial snow.

Two different skiing styles were performed. The skiing
technique “Carving in Short Radii” (Wörndle et al., 2011) (which
is characterized by a short radius turn and dynamic vertical
movement) was defined as high dynamic turns. The technique
“Parallel Ski Steering in Long Radii” (Wörndle et al., 2011)
(which is characterized by a long radius skidded turn and less
dynamic movement) was defined as low dynamic turns. Two
different courses were set. While the vertical distance between
gates was kept constant for both techniques (between 14 and 17m
depending on the inclination), the corridors were 5 and 10m for
the high dynamic and the low dynamic turns, respectively. Short
poles were set into the slope as gates. After a warm up run, each
skier performed one run per skiing style in a randomized order.
Each run consisted in 20 double turns.

Equipment
Two different skis were utilized. To properly select the skis,
the participants level were assessed based on the Austrian
ski teaching concept (Wörndle et al., 2011) by an accredited
instructor. The skiers classified as intermediate (n = 10) used
recreational skis (length= 169 cm, radius= 15m) and the skiers
classified as experts (n = 10) used racing skis (length = 184 cm,
radius = 23m). Regardless of the assessed level, all skiers were
able to properly perform the required ski styles. The skiers used
their own ski boots. The skis were equipped with a portable FP
system and a pair of PI were placed inside the liners (Figure 1).

Sensors

The FP system consisted of four dynamometers (Kistler,
Winterthur, Switzerland) mounted under the toe and heel
binding of each ski. Each dynamometer weighed 0.9 kg, was
36mm high, and consisted of a top and bottom plate connected
by three three-dimensional piezoelectric force transducers.
Amplifiers, power supply, supply box, and data loggers (4 kg)
were carried in a backpack worn by the skiers (see detailed
description; Stricker et al., 2010). The PI (Pedar, Novel, Munich,
Germany) were formed by 99 cells, each of them including one
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FIGURE 1 | Set up of the FP between the bindings and the skis.

capacitive sensor. The PI were located inside the liners of the ski
boots and the proper size was selected for each skier and replaced
their normal insoles. All pressure insoles were calibrated prior to
the measurements following the manufacturer’s instructions. The
Novel data logger, battery pack, and trigger switch were carried in
a belt (1 kg in total) attached to the Kistler backpack.

Both systems recorded at 100Hz, which represents the
maximum sampling rate of the PI. In order to synchronize the
two systems, participants were asked to stomp at the beginning
and end of every run.

Data Analysis
In the current study, three turn detection methodologies
were applied to the data collected simultaneously with both
measurement systems (FP and PI). Prior to the application of the
turn detection methodologies, the data sets where synchronized
(based on GRF peaks produced by the stomps). The force values
of the PI are the sum of the force from each cell, which is obtained
multiplying its pressure by its area.

The three different turn switch methods assessed
were (Figure 2):

1. GRF minima. This method uses the minimum value of the
vertical component of the GRF determined by the sum of
forces from both legs (Nakazato et al., 2011).

2. GRF functional minima. This method approximates the point
of the minimum value of the GRF summed from both legs
based on the cyclic loading and unloading pattern. It avoids
possible misdetections of the turn switch point due to noise or
vibrations (Spörri et al., 2015, 2016; Kröll et al., 2016).

3. GRF crossing. The turn switch point is determined by the point
when the magnitudes of GRF of both legs are equal (Müller
and Schwameder, 2003; Yu et al., 2016).

In addition, 1, 3, and 6Hz low pass Butterworth filter frequencies
were used and compared. The 3 and 6Hz filters have been used
in previous literature (Spörri et al., 2015, 2016; Martínez et al.,
2019), therefore they were selected. The 1Hz cut-off yielded
the lowest bias and range (see section Statistical Analysis) in a
pilot study.

Statistical Analysis
Data processing was performed using IkeMaster (Ike Software
Solutions, Salzburg, Austria) and Matlab (Version R2018b,
The MathWorks Inc., Natick, MA, USA). To assess the
interchangeability and agreement between methodologies and
sensors, the bias, and limits of agreement were calculated as
proposed by Bland and Altman (1986) (Excel 2016, Microsoft,
Redmond, WA, USA). The range was set as the difference
between the upper and lower limits of agreement, representing
the 95% confidence interval (CI). The comparisons between
methods and sensors were performed for the three different cut-
off filtering options and for the different intensities: high dynamic
turns (N = 1,316), low dynamic turns (N = 1,156), and for all
turns pooled together (N = 2,472).

A repeated measures analysis of variance (RMANOVA) (SPSS
Inc., Version 25.0, Chicago, IL, USA) was used to assess statistical
differences with respect to system (FP vs. PI), calculation method
(minima vs. functional minima vs. crossing), filter (1 vs. 3 vs.
6Hz), and ski dynamics (high vs. low dynamic turns). Mauchly’s
Test of Sphericity indicated that the assumption of sphericity
was not met, consequently Greenhouse-Geisser correction was
utilized. If significant differences were found, Bonferroni’s post-
hoc test was applied. In order to perform the RMANOVA, a
reference value was necessary to compare relative turn switch
points (i.e., measured turn switch—reference turn switch). This
reference was calculated independently for each turn and cut-
off frequency as the mean of the 6 measured turn switch points
(two sensors by three methods; Figure 3). Eta squared (η2) and
partial eta squared (η2

p) were used to calculate effect size. Effect
sizes were classified as small 0.01–0.06; medium 0.06–0.14, and
large >0.14 (Pallant and Manual, 2010). A significance value of
α = 0.05 was chosen.

RESULTS

The agreement between sensors andmethodologies are presented
in Table 1. Bias and range were consistently lower for the
high dynamic turns than for the low dynamic turns in all the
conditions assessed, across all systems and methods.

The comparison between FP and PI for all turns pooled
together yielded bias lower than 0.05 s and ranges between 1.09
and 1.36 s, except for the “crossing” method with ranges starting
at 0.58 s. The “minima” and “functional minima” methods had
the highest agreement for both sensor types (FP and PI).
Although the comparison between “minima” and “functional
minima” methods had the highest agreement for both sensors,
the results were not similar. Including all cut-off frequencies,
the bias and range were <0.002 and 0.400 s for the FP, but
>0.012 and 0.850 s for the PI, respectively. This behavior was
consistent, the comparison between assessment methodologies
showed systematically lower bias and range values when the FP
system was used.

Results for the mean and standard deviation for each
assessment option are shown in Table 2. No main effects of
frequency or intensity were observed. Main effects of sensor were
observed between FP and PI (p < 0.001), but the effect size was
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FIGURE 2 | Example of the signals during a turn: the right foot (dashed line), the left foot (dotted line), and the sum (solid line). In the upper graph GRF measured with

the FP placed under the bindings. In the lower graph force calculated from the pressure values from the PI between the boot and the foot. The vertical lines represent

the turn switch points assessed with the different methods: minima (dashed line), functional minima (solid line) and crossing (dotted line).

FIGURE 3 | Example of the different moments in time detected by FP (in

black) and PI (in gray) represented as the mean ± SD for the 3 different

assessing methodologies at 6Hz with all the turns pooled together.

small (η2
p = 0.013). Main effects of method were also observed

(p < 0.001) with a large effect size (η2
p = 0.427). Post-hoc analysis

indicated that all three methods were significantly different
than one another. However, while the means of minima and
functional minima were statistically different, they were within
0.02 s with a small effect size (η2 = 0.001). On the other hand,
the differences between both the minima and the functional
minima and the crossing method were >0.13 s with a large effect
size (η2 = 0.153).

The average turn duration for high and low dynamic turns was
1.66 ± 0.27 and 2.55 ± 0.32 s, respectively. The range between
FP and PI for the most similar methodologies (minima and
functional minima) represents ∼30 and 40% of turn duration
for high and low dynamic turns, respectively. The range between
minima and functional minima assessed using the PI represents a
33 and 48% of the turn duration for high and low dynamic turns,

respectively, and 13% of the turn duration when assessed with the
FP, independent of the turn dynamics.

DISCUSSION

The current study focused on the comparison between time
points of the turn switch during alpine skiing assessed with
different methodologies and using FP and PI. The results showed
that all the methods yielded better agreement when the data was
collected using the FP than when it was collected using the PI
(Table 1). This trend was accentuated for highly dynamic turns.
The higher consistency found with the FP might be due to the
improved transmission of the forces from the legs via the boots to
the skis, which might not detected by the PI (Supej et al., 2008).
The FPs measure the total forces acting between the skis and the
bindings, including the force transferred by the boot cuff. On
the other hand, the PIs only measures the transmission of forces
from the foot to the boot, which will be only part of the force
transmitted to the binding. Due to the movement of the skier and
the shift in load distribution during the turn, the fraction of the
forces measured by PI compared to FP is not constant during the
turn (Nakazato et al., 2011, 2013), and could affect the time points
where events are detected.

Main effects of sensor were observed between FP and
PI, however the effect size was small (0.013). A possible
interpretation of those results is that the large number of turns
included in the analysis (n = 2,472) lead to a type 1 error,
were negligible differences are deemed statistically significant.
Regardless of the risk of type 1 error, and to the potential
misinterpretation of the data, themagnitude of the ranges yielded
by the Bland and Altman comparisons show a CI that represents
between 30 and 40% of the total turn duration. Consequently,
due to the lack of agreement between sensors, these sensors
should not be interchanged when comparing turn switch points
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TABLE 1 | Bias and range of the 95% CI of the different comparisons between the different assessment methodologies.

All Hi Lo

1 Hz 3 Hz 6 Hz 1 Hz 3 Hz 6 Hz 1 Hz 3 Hz 6 Hz

FP vs. PI comparison Min Bias 0.009 0.002 0.003 0.032 0.017 0.017 0.056 0.022 0.025

Range 1.357 1.186 1.229 0.565 0.454 0.526 1.875 1.662 1.704

Functional Bias 0.022 0.025 0.029 0.036 0.025 0.023 0.089 0.082 0.087

Range 1.139 1.090 1.111 0.532 0.502 0.512 1.525 1.470 1.498

Crossing Bias 0.015 0.026 0.044 0.010 0.016 0.037 0.020 0.037 0.052

Range 0.579 0.672 0.789 0.452 0.577 0.684 0.695 0.764 0.893

FP method comparison Min vs. Functional Bias 0.002 0.001 0.001 0.002 0.005 0.006 0.001 0.005 0.003

Range 0.198 0.315 0.391 0.031 0.102 0.211 0.287 0.447 0.525

Min vs. Crossing Bias 0.135 0.138 0.126 0.085 0.097 0.076 0.192 0.184 0.182

Range 0.723 0.736 0.820 0.608 0.660 0.702 0.776 0.775 0.886

Functional vs. Crossing Bias 0.137 0.139 0.127 0.087 0.103 0.082 0.193 0.180 0.179

Range 0.668 0.700 0.778 0.604 0.639 0.673 0.669 0.731 0.837

PI method comparison Min vs. Functional Bias 0.012 0.023 0.024 0.007 0.013 0.012 0.032 0.064 0.066

Range 0.857 0.914 0.933 0.487 0.511 0.550 1.134 1.201 1.212

Min vs. Crossing Bias 0.141 0.162 0.167 0.127 0.130 0.130 0.156 0.199 0.209

Range 1.323 1.237 1.286 0.725 0.696 0.738 1.772 1.638 1.694

Functional vs. Crossing Bias 0.129 0.139 0.142 0.133 0.143 0.141 0.124 0.134 0.143

Range 1.095 1.084 1.112 0.707 0.699 0.701 1.413 1.398 1.444

Values are expressed in seconds. Three different cut-off frequencies are reported: 1, 3, and 6Hz. Results are classified by: all turns together, high dynamic turns and low dynamic turns.

All, all turns pooled together; Hi, high dynamic turns; Lo, low dynamic turns; Min, assessment method previously referred as GRF minima; Functional, assessment method previously

referred as GRF functional minima; Crossing, assessment method previously referred as GRF crossing.

TABLE 2 | Mean and SD of the different comparisons between the different assessment methodologies.

All Hi Lo

1 Hz 3 Hz 6 Hz 1 Hz 3 Hz 6 Hz 1 Hz 3 Hz 6 Hz

FP Min Mean −0.054 0.055 0.052 −0.023 0.026 0.018 −0.089 0.087 0.092

SD 0.141 0.131 0.138 0.075 0.067 0.065 0.185 0.173 0.182

Functional Mean −0.055 0.055 0.054 −0.029 0.032 0.020 −0.086 0.082 0.092

SD 0.122 0.116 0.126 0.064 0.060 0.063 0.159 0.152 0.163

Crossing Mean 0.072 −0.083 −0.083 0.053 −0.071 −0.067 0.093 −0.098 −0.101

SD 0.163 0.148 0.148 0.136 0.126 0.120 0.185 0.167 0.170

PI Min Mean −0.051 0.053 0.043 −0.040 0.043 0.050 −0.064 0.064 0.035

SD 0.221 0.215 0.242 0.109 0.098 0.114 0.301 0.296 0.332

Functional Mean −0.027 0.030 0.031 −0.052 0.057 0.057 0.001 0.000 0.003

SD 0.196 0.194 0.191 0.103 0.103 0.107 0.262 0.258 0.253

Crossing Mean 0.115 −0.109 −0.098 0.090 −0.087 −0.077 0.145 −0.135 −0.121

SD 0.158 0.145 0.140 0.117 0.111 0.100 0.189 0.173 0.172

Values are expressed in seconds. Results are classified by: all turns together, high dynamic turns and low dynamic turns. All, all turns pooled together; Hi, high dynamic turns; Lo,

low dynamic turns; Min, assessment method previously referred as GRF minima; Functional, assessment method previously referred as GRF functional minima; Crossing, assessment

method previously referred as GRF crossing; SD, standard deviation.

or metrics measured turn by turn as the cutting point will affect
the calculations (Spörri et al., 2012).

The same discussion is relevant for the comparison between
the methods. Although there is a main effect of methodology,
with a large effect size (0.427), the differences are mostly with
respect to the crossings method (>0.13 s; η

2
> 0.153) and not

between the minima and functional minima (<0.02 s; η
2 =

0.001). Nevertheless, the ranges between minima and functional
minima assessed with PI represents >30% of the turn duration

which leads to the conclusion that they are not interchangeable.
On the other hand, when using the FP, the range represents
a 13% of the turn duration, which depending on the aim
of the turn detection, could allow for the use of both the
minima and functional minima methods interchangeably from
FP measurements.

The results indicate that the crossings methodology assesses
different events or points in time than the other two methods.
Furthermore, the bias and range for this method are considerably
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higher than the bias and range of the minima to functional
minima comparison. A possible explanation for this is that
the minima and functional minima methods represent two
approaches to the same concept, where the turn switch point
corresponds with the point of minimum load from both legs
(Müller et al., 1998; Spörri et al., 2015). Consequently, these
methods, though different, are more similar to each other than
the crossing method. For this method, the point when the load is
equal between both legs is used (Müller and Schwameder, 2003).
Although both events need to happen during the turn switch
phase, they do not necessarily represent the same point in time
within the turn switch phase.

Regardless of the apparent similarities in performance
between sensors and methods, the results suggest that they are
not entirely interchangeable. Although bias’ are generally small
and suggest that both sensors are assessing the same event, the
high ranges (>30% of the turn) highlight the differences of the
points actually detected. Unfortunately, we cannot determine
which sensor or method would be most representative of the
true turn switch point due to the lack of valid reference data,
both in the literature and this study. Based on the results,
the methodology based on the minima seems to be the most
appropriate to apply in the field. It presents the lowest bias values
between the two sensors and also the smallest range for highly
dynamic turns. On the other hand, both sensors present some
advantages and disadvantages. FP showed consistently better
results, yet the use of FP in training is not a feasible option. It
changes the height of the bindings, adds weight to the skis and
implies more weight and wires in the skier’s body. For this reason,
the implementation of a less cumbersome pressure sensor outside
of the boot could potentially solve the problem of the missing
forces through the boot cuff and provide reliable data similar to
the FP. A future study using a gold standard methodology for
the location of the turn switch point needs to be defined and
consequently compared with the various methodologies applied
for detecting the turn switch.

CONCLUSIONS

The aim of the study was to assess if sensors (FP and PI) or
assessment methods (minima, functional minima, and crossings)
could be used interchangeably, and according to the results of
this study, they are not. The only exception being the minima
and functional minima methods assessed with FP. The results of

the study also suggest that the use of the FP sensor to determine
turn switches based on GRF is recommended. Further research
is needed to evaluate the precision of the different systems and
determine which assessment method is most correlated with the
real turn switch point.
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Alpine ski racing is an extreme sport and ski racers are at high risk for ACL injury. ACL

injury impairs neuromuscular function and psychological readiness putting alpine skiers

with ACL injury at high risk for ACL reinjury. Consequently, return to sport training and

testing protocols are recommended to safeguard ACL injured athletes against reinjury.

The aim of this paper was to present a real-world example of a return to sport training

plan for a female elite alpine ski racer who sustained an ACL injury that was supported by

an interdisciplinary performance team (IPT) alongside neuromuscular testing and athlete

monitoring. A multi-faceted return to sport training plan was developed by the IPT shortly

after the injury event that accounted for the logistics, healing, psychological readiness,

functional milestones, work capacity and progression to support the return to sport/return

to performance transition. Neuromuscular testing was conducted at several timepoints

post-injury. Importantly, numerous pre-injury tests provided a baseline for comparison

throughout the recovery process. Movement competencies and neuromuscular function

were assessed, including an evaluation of muscle properties (e.g., the force-velocity and

force-length relationships) to assist the IPT in pinpointing trainable deficits and managing

the complexities of the return to sport transition. While the athlete returned to snow 7

months post-injury, presenting with interlimb asymmetries below 10%, functional and

strength deficits persisted up to 18 months post-injury. More research is required to

establish a valid return to sport protocol for alpine ski racers with ACL injury to safeguard

against the high risk for ACL reinjury.

Keywords: knee injuries, training load, vertical jump asymmetry, vertical jump power, quadriceps/hamstrings

strength, ACL reinjury

INTRODUCTION

An anterior cruciate ligament (ACL) tear is the most common injury amongst alpine ski
racers (Flørenes et al., 2009; Bere et al., 2014), and the injury rate has remained high despite
injury prevention efforts (Haaland et al., 2016). ACL reconstruction (ACLR) surgery is often
recommended to alpine skiers who have sustained an ACL injury to restore knee joint stability
(Jordan et al., 2017a). However, ≈20–30% of alpine ski racers with ACLR will subsequently
suffer an ACL reinjury, often to the contralateral limb and within 2 years post-surgery (Pujol
et al., 2007; Haida et al., 2016; Jordan et al., 2017c). ACL tears in alpine ski racing are typically
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severe and occur alongside combined injury to other
knee joint structures (e.g., multi-ligament injury,
articular cartilage injury, meniscal tears), which may
accelerate the development of early onset knee joint
osteoarthritis (Jordan et al., 2017c).

It is estimated that between 50 and 60% of athletes who
sustain an ACL injury will return to competitive sport (Ardern
et al., 2014; Webster et al., 2019), while the proportion of
alpine skiers returning to competitive sport may be even higher
(Haida et al., 2016). Athletes who undergo ACLR surgery
require extensive rehabilitation and training to restore knee
joint function and objectively determined functional criteria are
recommended to guide the return to sport transition to safeguard
against secondary ACL injury (Buckthorpe, 2019). However,
sports medicine practitioners and trainers often rely solely on
time-based criteria to determine when an athlete is sufficiently
prepared to return to sport (Barber-Westin and Noyes, 2011),
and it has been shown that only a small fraction of ACLR athletes
(23%) pass objectively determined functional criteria prior to
return to sport (Webster and Hewett, 2019).

Further, passing commonly conducted return to sport testing
batteries that include criteria like achieving>90% limb symmetry
in single leg hop tests, appear to provide little assurance that
an athlete is physically prepared for return to sport after ACLR
to avoid a second ACL injury (Webster and Hewett, 2019). A
prospective study evaluating a battery of return to sport tests after
ACLR found no association between achieving a limb symmetry
index >90% in various functional tests, such as the single leg
hop for distance, single leg triple hop, and 6m timed hop, and
a reduction in ACL reinjury rates (Grindem et al., 2016). Only
quadriceps strength symmetry, and delaying return to sport in
the first 9 months post-surgery, were associated with a reduction
in the risk for ACL reinjury. These findings suggest that ACLR
athletes may compensate in return to sport functional tests to
achieve the established benchmark while potentially masking
deficits that put them at risk for ACL reinjury.

In addition to the prevalence of ACL reinjury (Pujol et al.,
2007; Haida et al., 2016; Jordan et al., 2017a), actively competing
alpine skiers with ACLR have also been shown to demonstrate
functional deficits compared to non-injured alpine ski racers,
including elevated interlimb asymmetry in lower limb muscle
power, thigh muscle rapid force development ability (rate of
force development—RFD), and thigh muscle maximal strength
that persist despite returning to competitive sport (Jordan et al.,
2015b,c, 2017b, 2018). The high frequency of ACL injury in
alpine ski racing, the likelihood for combined injury, and the
fact that many alpine skiers will attempt to return to sport after
ACLR surgery, strongly suggest the importance of a sport-specific
return to sport protocol to safeguard alpine skiers against ACL
reinjury (Jordan et al., 2015a). Further, building resilience against
ACL reinjury is multifactorial and involves not only restoring
functional abilities and tissue healing but also psycho-emotional
readiness (Ardern et al., 2011). Therefore, athletes returning
from ACL injury may be best supported by an interdisciplinary
performance team (IPT) in which domain-specific practitioners
work collaboratively to support the transition back to sport
(Forsdyke et al., 2017; Wang et al., 2019).

The aim of this case study is to present the details of
a return to sport training and testing protocol used with a
female elite alpine ski racer who sustained an ACL injury and
subsequently underwent ACLR surgery. The return to sport
transition presented in this case study will include discussion
on the importance of objective functional assessments, workload
monitoring, the restoration of work capacity and the role of the
IPT in supporting alpine skiers with ACLR throughout the return
to sport and return to performance transition.

RETURN TO SPORT TESTING
METHODOLOGY

Participant Characteristics
A female elite alpine ski racer (Age = 28 years) sustained
a right knee injury (high grade ACL tear, medial meniscal
tear, lateral tibial plateau compression fracture). She underwent
an ACLR surgery using an 8.5mm quadruple semitendinosus
(ST) autograft. The Conjoint Research Ethics Board at the
University of Calgary approved the experimental protocols and
the participant gave written informed consent prior to her
involvement in the testing protocols.

Interdisciplinary Performance Team
Personnel and Testing Environment
The athlete’s IPT consisted of seven sport science/sport
medicine practitioners including the following disciplines:
sport science/physiology, strength & conditioning (S&C),
physiotherapy, sports medicine, orthopedic surgery, mental
performance, and sport nutrition/dietetics. All neuromuscular
testing was undertaken in the Strength and Power laboratory
at the Canadian Sport Institute Calgary by qualified exercise
testing personnel. A return to sport training plan detailed the
athlete’s training/rehabilitation priorities and logistics supporting
the rehabilitation/re-training process.

Internal Workload Monitoring
Internal workload was assessed using the sessional rating of
perceived exertion (sRPE)method (Foster, 1998). The participant
was asked to record the training session type, the training session
duration in minutes and the perceived exercise intensity using
a modified Borg scale (1 = Easy, 10 = Maximal) for every
unique training session each day. Data was collected using an
online form. The session duration in minutes and perceived
session intensity were multiplied to obtain the internal sessional
workload in arbitrary units (AU). The weekly internal training
load was then obtained by summing the sRPE workload for
the total number of training sessions per week (total number
of training weeks recorded from May 2012 to May 2019: n =

315). Logging compliance was not monitored throughout the
pre-injury and post-injury time period and while the athlete
demonstrated a high degree of consistency during the data
collection time period, the reported workloads approximated the
total workload incurred by the athlete.
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Neuromuscular Testing
Dual Force Plate Vertical Jump Force-Time

Assessments
Countermovement (CMJ) and squat jump (SJ) force-time
assessments on a dual force plate system were conducted
regularly throughout the off-snow training periods in the pre-
injury and post-injury periods. The standard protocols included:
(1) 5-jump CMJ test using a self-determined depth; (2) 5-jump SJ
test using a standardized depth of 90◦ of knee flexion; (3) 80 s
repeated squat jump test using a standardized depth of 90◦ of
knee flexion (total jumps per test: n = 20); (4) loaded CMJ test
using three loading conditions including no external load, and an
external load equal to≈30% and≈60% of body mass (Total CMJ
tests conducted: n = 37; Total SJ tests conducted: n = 36; Total
80 s repeated SJ tests conducted: n = 6; Total loaded jump tests
conducted: n= 6). All jump tests were performed with the hands
placed firmly on the hips except for the loaded CMJ test in which
the athlete held a trap bar (hex bar) whereby the external load was
positioned at the level of the hip joint.

A detailed explanation of the vertical jump testing protocol
and force-time analysis procedures have been described
elsewhere (Jordan et al., 2015b, 2017b, 2018). Briefly, the
vertical ground reaction force (Fz) from the right and left legs
were measured simultaneously using a dual force plate system
(Accupower Force Platform, AMTI, Watertown, Massachusetts,
USA) at a sampling frequency of 1,500Hz and recorded on
a personal computer (MyoResearch Version 3.8, Noraxon,
Scottsdale, Arizona, USA). Data were exported and analyzed
using a custom-built computer program (Matlab R 2018b,
Mathworks, Natwick, Massachusetts, USA). The velocity of the
body center of mass (BCM) was obtained by time integration
of the instantaneous acceleration signal (Fz/body mass – g)
calculated from the total Fz, summed from the right and left
limbs. Mechanical muscle power exerted on BCM was derived
continuously throughout the jumping movement by calculating
the instantaneous product of Fz and BCM velocity. Jump
height was determined from the BCM vertical velocity at the
instant of ground toe-off [Jump Height = Takeoff Velocity2/2g]
(Linthorne, 2001).

Vertical Jump Force-Time Asymmetry Assessment
An interlimb vertical jump force-time asymmetry index (AI) was
calculated for discrete jump phases in the SJ and CMJ. For the
CMJ, the total impulse was calculated by time integration of
Fz over the eccentric deceleration phase and concentric phase,
respectively (Jordan et al., 2015b). For the SJ, the early takeoff
phase (initiation of the SJ to the peak of Fz in the concentric
phase) and the late takeoff phase (peak Fz to the point of toe-off)
were determined. The right and left total impulse were compared
using a 5-jump mean AI using the following formula:

AI =
(

Right Impulse−Left Impulse
Maximum of Left and Right Impulse

)

∗100

80 s Repeated Squat Jump Test
A detailed description of the 80 s repeated SJ test can be
found elsewhere (Jordan et al., 2017b). Briefly, the participant
descended to the squat jump start position with the hands placed

firmly on the hips and held this position for 4 s. A metronome
timer indicated the start of the test that was set to repeat every 4 s.
Following each maximal jump, the participant landed back in the
squat jump start position and maintained this position until they
were cued for the next jump by a strong verbal command from
the tester. The participant performed 20 maximal jumps over the
80 s jump-test protocol. The SJ mean power, takeoff velocity and
AI were averaged over sets of five jumps (Set 1 = Jumps 1–5; Set
2 = Jumps 6–10; Set 3 = Jumps 11–15; Set 4 = Jumps 16–20)
allowing performance fatigability to be assessed by comparing the
outcome measures in Set 4 with the outcome measures obtained
in Set 1.

Loaded Countermovement Jump Test
A three-point takeoff velocity vs. external load profile was
determined by having the participant perform 5 CMJs with
and without an external load corresponding to ≈30 and 60%
of body mass (García-Ramos et al., 2018). The takeoff velocity
was obtained from the velocity-time curve of the BCM at the
instant of ground toe-off. The net eccentric deceleration impulse
was also calculated by time integration of Fz between the point
of the minimum downward velocity to the zero-velocity time
point corresponding to the lowest position of the BCM prior
to the initiation of the ascent phase. Subsequently, the line of
best fit was determined between the three data points to obtain
the slope, the extrapolated maximum velocity intercept (V0)
and the extrapolated maximum external load intercept (F0). The
eccentric deceleration impulse vs. load profile was assessed using
a polynomial line of best fit.

Rate of Force Development and Maximal Strength

Assessments
Maximal voluntary contractions (MVCs) of isometric leg press,
knee extension and knee flexion were conducted in the post-
surgery time period (isometric leg press tests: n= 3; post-surgery
time intervals: 4, 6, 17 months; isometric knee extension/flexion
tests: n= 4; post-surgery time intervals: 6, 8, 11, and 17 months).
The participant was instructed to perform all isometric testing
“as fast and as hard as possible.” Isometric leg press tests were
performed on a custom-built seated leg press dynamometer
instrumented with a single-axis force plate (PASCO, PS-2141,
California, USA) and force was sampled at 1,000Hz. The
participant was seated in the leg press rig and instructed to hold a
steady baseline force (100N) with feedback provided by a visual
display. Based on the verbal cues of the tester, the participant then
performed 3× 3 sMVCs of isometric leg press separated by a 20 s
rest period.

The isometric knee extension and flexion testing was
performed on a Cybex dynamometer instrumented with a third-
party load cell (Omega, LC703-500, Stamford, Connecticut,
USA) and force was sampled at 1,500Hz (MyoResearch Version
3.8, Noraxon, Scottsdale, Arizona, USA). For the knee extension
trials, the participant was positioned in a seated position with
the knee joint angle set at 70◦ of knee flexion. The tester then
instructed the participant to perform 3 × 3 s MVCs of isometric
knee extension separated by a 20 s rest period. The isometric
knee flexion testing was performed in the same manner except
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FIGURE 1 | Milestone and timeline progression used in the return to sport training plan.

the athlete was positioned in a prone position (hip flexion angle
= 0◦). Visual feedback and strong verbal encouragement were
provided throughout the testing protocol.

The moment arm (distance from the axis of rotation to the
point of force application) of the shank was obtained to calculate
knee extensor and knee flexor torque. The isometric force-time
(leg press) and torque-time (knee extension and flexion torque)
curves were smoothed (Matlab “smooth” function using 33ms
centered moving average window). A 200ms average around the
peak value was calculated to obtain the maximum torque and
maximum force. The derivative of the signal was then calculated
to identify the peak RFD and rate of torque development (RTD).
A 100ms average around this timepoint was calculated to obtain
the RFD and RTD.

OBSERVATIONS AND OUTCOMES OF THE
RETURN TO SPORT TRANSITION

Interdisciplinary Performance Team
Function
Building the Return to Sport Training Plan
Paralleling the periodization planning process for a macrocycle
training plan used in elite sport, a return to sport training plan
was developed the week following surgery by the IPT to address
logistic factors (e.g., travel requirements, budget, resources, IPT
meeting schedule, testing schedule), estimate the stages of tissue
healing based on guidance by the orthopedic surgeon, establish
the progression of functional neuromuscular milestones and
provide an initial forecast for the recovery process. The ACL
recovery forecast was based off an emerging dataset tracking the
functional recovery of alpine skiers undergoing ACLR surgery
alongside tracking of additional covariates such as the potential
for associated injuries that may delay return to sport (e.g.,

chondral injury, meniscal tears, multi-ligament injuries) (Jordan
et al., 2015a, 2017c).

The return to sport training plan was segmented into
the post-surgical, early rehabilitation, mid rehabilitation, late
rehabilitation, physical preparation for return to sport, return to
sport transition, and return to performance phases (Figure 1).
Consideration was given to both the post-surgical time period
reflecting the importance of tissue healing and the milestone
progression for movement competencies such as lower limb
energy absorption ability, a critical performance factor in alpine
ski racing. The return to sport training plan also aimed to ensure
the IPT-athlete-coach triad had a communication framework and
accountability structure for return to sport clearance. Notably,
meeting times and dates for testing were scheduled in advance
prior to the commencement of the return to sport training plan.

The return to sport protocol involved four components
including input from the physician, physiotherapist, physical
performance staff (strength and conditioning—S&C, sport
science) and mental performance coach. The return to sport
protocol was communicated to all athletes and coaches at the
start of each season, including the injured athlete prior to the
injury event, and this was deemed an important success factor for
the team approach to building and executing the return to sport
training plan. To this end, the leadership structure of the IPT was
characterized as a holacracy or a self-managed team where the
domain-specific experts emerged to lead in various phases of the
return to sport transition.

Twelve 4-week trainingmesocycles were outlined in the return
to sport training plan that progressed the athlete through to
the end of the return to sport transition period (≈12 months
post-surgery). Each mesocycle was further subdivided into: (1)
a 3-day assessment period that included a medical evaluation,
neuromuscular testing, anthropometric testing, fitness testing,
and a meeting with the mental performance coach; (2) an IPT
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FIGURE 2 | A probability-based risk profile using three different quadriceps limb symmetry index thresholds is presented to contextualize the uncertainty surrounding

the return to sport transition after ACL reconstruction surgery. Thresholds were chosen to reflect known associations between the quadriceps limb symmetry index

and risk of ACL reinjury (Grindem et al., 2016).

debrief and program planning meeting where the findings of the
assessments were integrated into a targeted training program;
(3) an IPT-athlete-coach debrief meeting; (4) training program
orientation sessions with the athlete that were attended by the
physiotherapist, S&C coach and sport scientist enabling the
training and rehabilitation plans to be adjusted if required; (5)
execution of the 3-week training cycle; and finally (6) a recovery
microcycle (3–5 days in duration). An athlete monitoring system
that included neuromuscular monitoring, off-snow/on-snow
workload monitoring and an evaluation of the athlete’s recovery
status (data not presented) underpinned the return to sport
training plan.

The Interdisciplinary Performance Team’s Role in

Managing Uncertainty
A key function of the IPT was to manage uncertainty
surrounding the return to sport transition alongside monitoring
the athlete’s advancement so that progressions/regressions could
be made as required. Despite the best efforts of the IPT to clearly
communicate the return to sport protocol, it was impossible
to accurately predict the athlete’s actual progression through
the return to sport training plan. Return to sport after ACLR
is a complex process with few certainties and implications for
both erroneously accelerating or delaying an athlete’s timeline
for return to sport exist. To this end, objectively determined
milestones and neuromuscular monitoring supported the return
to sport process and permitted the IPT to manage the inherent
uncertainty, high expectations, and potential barriers to a
successful return to sport.

The uncertainty around return to sport decision making was
communicated using a simple probability example showing an
image of three buckets containing blue chips and red chips
(Figure 2). The uncertainty of the return to sport transition after
ACLR can be characterized by the presence of red chips and blue
chips in all three buckets, differing only in terms of their relative
proportions. In this example, drawing a red chip represents a

reinjury while drawing a blue chip represents a successful return
to sport. While red chips exist in all three buckets, the chances of
drawing a red chip are smallest in the third bucket. This analogy
was used to improve discussions between the athlete and IPT
especially around factors such as whether or not to pursue an
early return to sport.

Workload Monitoring
Sessional internal workload (sRPE—AU) measurements are
shown in Figure 3. While the athlete demonstrated a high
degree of consistency throughout the 2012–2019 training and
competition periods there were phases of the annual training
cycle when workload monitoring was not performed (e.g.,
post-Olympic time period, post-season recovery time period,
post-injury time period). In certain instances, technological
limitations precluded logging (e.g., during training periods in
the Southern hemisphere where internet access was limited).
For example, a cessation in logging occurred between August-
November of 2016 due to this factor. Nevertheless, logging
throughout the post-injury period enabled the IPT to track
the workload progression to ensure adequate recovery was
prescribed and that the accumulated workload was sufficient
to support the demands of on-snow training in the return to
sport phase. The relationship between restoring sport-specific
workload capacity and the risk of ACL reinjury is unclear, but
it seems important to ensure that an ACLR athlete has sufficient
physical reserves to support return to sport training.

Sharp decreases in workload occurred after the 2014 Olympic
Winter Games due to an upper body injury sustained at the
Olympics. Workloads also decreased substantially after the ACL
injury sustained in late November 2017. Normal logging resumed
in January 2018 and the athlete demonstrated a steady increase
in workload between January 2018 and June 2018 prior to the
first return to snow camp in early July 2018. Workload decreased
through the return to snow/return to performance transition
(October-November 2018) with the first race occurring in late
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FIGURE 3 | Weekly (A) and monthly (B) internal workloads (sessional rating of perceived exertion method—sRPE) in arbitrary units (AU). Vertical lines represent time

points of interest. An instance of a planned recovery microcycle is highlighted (circle). (C) Depicts the count of logged training sessions, including periods when no

logging occurred. Periods when no logging occurred are not shown in (A,B).

November 2018. The workload composition (i.e., the workloads
of different program elements such as strength training) is not
shown in Figure 3A. This is a key consideration as a substantial

workload was incurred due to the demands of rehabilitation.
Periodic decreases in workload (i.e., recovery microcycles) can be
observed throughout the rehabilitation and physical preparation
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phases prior to the first return to snow camp shown in Figure 3A.
Rehabilitation after serious injuries like ACL tears requires a
considerable amount of physical and mental energy from the
athlete. In elite sport, periods of high stress are often followed by
planned recovery in which the workload (intensity, volume and
density) are decreased to promote positive physical adaptation
and avoid maladaptation. Thus, an integral component of the
return to sport performance plan shown here includes planning
and periodization methodologies aimed at accounting for the
stress of rehabilitation, the requirement to restore physical work
capacity to pre-injury levels and avoid preventable setbacks.

Neuromuscular Testing and Monitoring
Milestones and Progressions
There is no scientific consensus on a sport-specific return to sport
protocol for alpine ski racers post-ACLR surgery. As such, the
return to sport training plan and protocol presented in this case
study were arrived at by the IPT based on the collective domain-
specific expertise of the group, general recommendations in the
scientific literature on return to sport protocols for ACL injured
athletes, and an emerging body of knowledge generated by the
IPT based on several years of consistent and routine monitoring
of ACLR athletes. The objectives of the neuromuscular testing
and monitoring approach were 5-fold: (1) use objectively
determined, standardized and repeatable off-snow tests that
reflect the demands of alpine ski racing; (2) employ a serial
athlete monitoring approach vs. a single-time-point clearance
approach; (3) use the results of the neuromuscular tests to
drive the training and rehabilitation program design process;
(4) spur better conversations amongst the IPT in an effort
to manage the complexity and uncertainty of the return to
sport process after ACLR; and (5) to assess and restore the
basic functional properties of the neuromuscular system (e.g.,
maximal strength, RFD, the force-velocity relationship, the
strength curve) alongside redeveloping movement competencies
that were typically evaluated subjectively by the IPT members.

Figure 4 depicts a framework for guiding the return to sport
transition including consideration for tissue healing, movement
competencies, functional milestones, and work capacity. The
initial focus post-surgery included optimizing tissue healing,
restoring range of motion, normalizing gait patterns, and
increasing thigh muscle volume. Thigh muscle volume was
assessed consistently throughout the return to sport training
plan through anthropometric testing. This data is not presented.
The athlete was sequentially cleared throughout the return
to sport training plan, and progressively more challenging
movement competencies were introduced, such as progressing
from squatting and jumping in the sagittal plane to jumping
in the frontal plane and then to high velocity change of
direction movements.

The milestones achieved in the previous phase directed the
IPTs strategy on an on-going basis. For example, maximal
muscle strength (i.e., maximum muscle force) was trained and
monitored at the end of each 4 week training period in the
early and mid-phases of rehabilitation. Once maximal isometric
strength asymmetries presented below 10%, higher velocity
movement competencies in the sagittal and frontal plane were

introduced. This highlights a significant difference between a
time-based and milestone-based approach. Interlimb vertical
jump asymmetry assessments were routinely performed on a
dual force plate system and used to monitor functional recovery
of the athlete. Importantly, numerous pre-injury neuromuscular
testing sessions, including vertical jump asymmetry assessments,
provided a baseline for comparison, which is important given
that the non-surgical limb may also detrain consequent to an
ACL injury. This further highlights the significance of, and
rationale for, regularly conducting neuromuscular testing in
athletes at risk for ACL injury.

Neuromuscular testing also included consideration for the
effects of common comorbidities on muscle strength and power.
For example, a semitendinosus tendon autograft is the most
common ACLR surgical procedure employed with Canadian
alpine skiers (Jordan et al., 2017c). And, this procedure is
known to cause long-term hamstring strength deficits, especially
at larger angles of knee flexion (>70◦ knee flexion) (Konrath
et al., 2016). Thus, the strength curve of the hamstrings and
quadriceps, and RFD ability, that is unique from the capacity to
generate high muscle force, were routinely assessed throughout
the return to sport and the return to performance phases
(Jordan et al., 2015c). Prior to the return to sport transition,
the athlete’s workload capacity, aerobic power, and power
endurance were assessed. Importantly, the IPT evaluated the
stability of movement competencies and functional asymmetries
when the athlete was under pressure (e.g., increased cognitive
task demands) and fatigued. Finally, neuromuscular monitoring
was conducted throughout the return to sport and return to
performance phases, given the prevalence of ACL reinjury in the
first 24 months post ACLR surgery.

Vertical Jump Force-Time Asymmetry Testing
Vertical jump force-time asymmetry testing on a dual force plate
system was undertaken as a component of the routine athlete
monitoring program both before and after injury (Figure 5).
This assessment has been used previously with alpine ski racers
(Jordan et al., 2015b, 2018), elite soccer players with lower
body injury (Hart et al., 2019), and to evaluate neuromuscular
function in ACLR athletes (Baumgart et al., 2017; Miles et al.,
2019). The vertical jump force-time asymmetry assessment is
a standardized and repeatable test that is easily employed
in the daily training environment of elite athletes. It also
permits an evaluation of eccentric vs. concentric movement
abilities, and as eccentric movements occur frequently in
alpine ski racing, the IPT could evaluate eccentric movement
abilities throughout the return to sport training period in a
standardized manner.

Figure 5 depicts the pre-injury and post-injury vertical jump
force-time asymmetries. An elevated interlimb asymmetry index
beyond this threshold was noted at the first testing point for the
concentric phase of the CMJ and the late takeoff phase of the SJ
(Asymmetry Index>25%). There was a steady recovery observed
in the CMJ eccentric deceleration phase asymmetry index to
baseline values at the return to sport transition. However, CMJ
concentric phase and SJ late takeoff phase asymmetries remained
elevated compared to baseline measurements until 18 months
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FIGURE 4 | Target neuromuscular milestone and workload progressions post ACL reconstruction surgery. CMJ, Countermovement Jump; SJ, Squat Jump; RFD,

Rate of Force Development; RTS, Return to Sport; Eccentrric Decel, Eccentric Deceleration.

post-surgery. An unanticipated loading strategy was seen in
the final SJ asymmetry test of the return to sport transition.
Notably, increased asymmetry reflecting ACLR limb dominance
was found in the early takeoff phase of the SJ, whereas increased
asymmetry reflecting contralateral limb dominance was observed
in the late takeoff phase of the SJ. A shift in the interlimb
asymmetry throughout the range of motion of the vertical jump
has been previously observed in ACLR alpine skiers (Jordan
et al., 2015b). The reason for this is unknown, but it suggests
that the force-time curve should be characterized in its entirety
when evaluating vertical jump asymmetries. Further, contrary
to evaluating limb symmetry in strength or RFD, the vertical
jump can be considered a complex movement where no two
jumps are the same and no jump is perfectly symmetrical. Thus,
asymmetries may be best understood by characterizing the mean
and variation over multiple movement cycles.

Vertical jump force-time asymmetries were also affected by
fatigue in the 80 s repeated SJ test (Figure 6). This test was
developed to evaluate an alpine ski racer’s power-endurance and
lower body RFD abilities over a time period that is similar to a
typical training run or ski race (Jordan et al., 2017b). Not only can
power-endurance and work capacity be assessed with this test but
also the acute effects of fatigue on interlimb asymmetries.

A key observation shown in Figure 6 is that the interlimb
asymmetry index in the late takeoff phase of the SJ declined
with fatigue from > 10% in Set 1 (first 5 jumps at the start of
the test) to <10% in Set 4 (last 5 jumps at the end of the test)
for the two post-injury measurements, a pattern not observed
in the pre-injury or 18 months post injury tests. This reflected
the athlete becoming more symmetrical with fatigue due to a
decrease in force generated by the non-surgical contralateral
limb, presumably due to the acute effects of fatigue. There
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FIGURE 5 | Squat jump (SJ) and countermovement jump (CMJ) force-time asymmetry assessments pre-injury, post-injury, at return to sport (RTS) and 18 months

post-surgery (A: CMJ Eccentric Deceleration Phase; B: CMJ Concentric Phase; C: SJ Early Takeoff Phase; D: SJ Late Takeoff Phase). Data are shown as the

five-jump mean asymmetry index ± SD (positive value = ACLR limb dominance; negative value = contralateral limb dominance). SJs demonstrating a small amplitude

countermovement were discarded from the analysis. *First asymmetry test post-injury; # observation of shift in the interlimb asymmetry at teh return to sport phase.

FIGURE 6 | Squat jump (SJ) asymmetries in the early takeoff phase (initiation of jump to the peak vertical ground reaction force) and late takeoff phase (peak vertical

ground reaction force to toe-off) over the 80 s repeated SJ test. A comparison is made between pre-injury tests and post-injury tests. A decline in late takeoff phase

asymmetry (i.e. increased symmetry) with fatigue (i.e., Set 1 vs. Set 4) was observed post-injury reflecting a decline in force generated by the contralateral limb.

Frontiers in Sports and Active Living | www.frontiersin.org 9 March 2020 | Volume 2 | Article 1265

https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Jordan et al. Return to Sport/Return to Performance After ACLR

is no concrete scientific evidence to support a link between
neuromuscular fatigue and risk for ACL injury. However, elite
alpine ski racers and expert stakeholders rank fatigue as a
contributing factor to injury (Spörri et al., 2012). Further, there
is a higher prevalence of secondary ACL injury sustained by
the contralateral limb in ACLR alpine ski racers compared to
the ipsilateral limb (Pujol et al., 2007; Jordan et al., 2017c).
There is no evidence to support a causal relationship between
the observations presented in this case study and the potential
for ACL reinjury. However, assessing work capacity, power-
endurance, and ability to maintain movement competencies
while fatigued, were important components of the return to sport
training plan presented here.

Lower Body Mechanical Muscle Function, Maximal

Muscle Strength, and Muscle Power
Lower body mechanical muscle function was assessed
throughout the return to sport training plan including
assessments of: (1) lower body maximal muscle power and
power-endurance assessed in the CMJ and SJ; (2) lower body
eccentric abilities including lower limb stiffness that measures the
ability to reverse the downward acceleration of the BCM assessed
in the CMJ; (3) knee extensor, knee flexor and leg press maximal
strength and RFD ability evaluated during isometric MVCs;
(4) CMJ takeoff velocity vs. load and eccentric deceleration
impulse vs. load relationships; and (5) an evaluation of the knee
flexor strength curve (i.e., torque-joint angle relationship) given
the athlete underwent a semitendinosus tendon autograft, a
procedure that is known to impact knee flexor torque at specific
joint angles.

The aim of the testing battery was to assess a range of strength
and movement abilities that are important for alpine ski racing
performance using standardized and repeatable tests, including
eccentric force-time abilities that have been shown to distinguish
elite alpine ski racers from development-level skiers (Jordan
et al., 2018). Further, the testing battery was also used to assess
different muscle properties (force-velocity relationship, torque-
joint angle relationship) with an aim to pinpoint deficits so
that the rehabilitation and retraining could be tailored to the
athlete’s specific needs. Figure 7 depicts a selection of measures
obtained from the CMJ and SJ analysis, including the loaded CMJ
testing shown in the bottom two panels (Figures 7E,F). However,
pre-injury measures are not shown for the loaded CMJ testing.

CMJ mean power and lower body limb stiffness were not
restored to pre-injury levels at the 18 months post-injury
timepoint. While the interlimb asymmetry in limb stiffness was
negligible at the 18 months post-injury time point, it can be seen
that the total limb stiffness had still not fully recovered to the
pre-injury mean value. Only total power in the 80 s repeated SJ
test (the sum of the mean power from all 20 jumps) and the
CMJ net eccentric deceleration impulse were back to or above
the pre-injury mean value at 18 months post-injury. However,
the CMJ net eccentric deceleration impulse, representing the
athlete’s ability to reverse the downward acceleration of her BCM,
may not reflect the demands of alpine ski racing given that
elite alpine ski racers are exposed to near maximal eccentric
loading exceeding body mass (Berg et al., 1995). Thus, the loaded

CMJ protocol assessed the skier’s ability to manage external
loads greater than her body mass. At the 18 months post-injury
testing timepoint (Figure 7F), while the unloaded CMJ eccentric
deceleration impulse remained above the pre-injury mean value
and the return to sport testing timepoint at 9 months post-injury,
decreased force generating capacity for the high load condition
was observed. This likely reflected a loss of maximal muscle
strength, a finding that could be used to optimize the off-snow
training period and the return to performance transition.

Finally, MVCs of isometric leg press, isometric knee extension
and isometric knee flexion were conducted throughout the return
to sport training phase (Figure 8). Pre-injury values are not
displayed as the tests were added after the injury was sustained.
In addition to measuring the maximal leg press force and
maximal knee extensor/flexor torque, an average slope analysis
was conducted to assess the athlete’s rapid force generating
RFD ability. The physiological determinants of maximal muscle
strength include muscle architecture (e.g., physiological cross
sectional area—PCSA) and motor unit recruitment ability
(Maffiuletti et al., 2016). While the physiological determinants
of the late phase RFD (>100ms from the onset of contraction)
include factors influencing maximal muscle strength, neural
factors such as the motor unit firing rate (rate coding) and
doublet firing alongside the intrinsic muscle fiber properties are
the primary determinants of early RFD (<100ms from the onset
of contraction) (Maffiuletti et al., 2016).

The recovery of leg press force, knee extensor torque and
knee flexor torque are shown in Figure 8. Interestingly, the
non-injured limb maximum knee extensor torque and RTD
declined over the post-injury period, leading to a reduction in
the interlimb asymmetry index. In fact, at the 18 months post-
injury timepoint, the ACLR limb produced higher knee extensor
torque compared to the non-injured limb (Asymmetry Index
= 9%, reflecting ACLR limb dominance). Again, monitoring
the neuromuscular function of both the ACLR limb and non-
injured limb is critical. This observation further emphasizes the
importance of evaluating the limb-specific torques, alongside the
interlimb asymmetry index throughout the return to sport/return
to performance transition, to ensure both limbs are sufficiently
strong. Consistent with the scientific literature, a slower recovery
in the knee extensor/knee flexor RFD ability was also noted
throughout the post-injury period and return to sport transition.
However, the leg press maximum force and RFD asymmetry
indexes had recovered to below 3% by the 18 months post-injury
testing session (Figures 8C,D).

DISCUSSION

The main objective of this paper was to present a return to
sport training plan and return to sport clearance protocol,
underpinned by neuromuscular testing and workload
monitoring, for a female elite alpine ski racer who sustained
an ACL injury. This paper also presented the functional role
of the IPT, including practitioners in mental performance,
sports medicine, orthopedic surgery, physiotherapy and physical
performance sciences (S&C, sport science) in supporting the
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FIGURE 7 | (A–D) Depict lower body mechanical muscle function assessed in the countermovement jump (CMJ) and squat jump (SJ). Shaded gray zone depicts the

post-injury period. Thick horizontal dashed line shows the mean pre-injury value. Thin dashed line depicts trendline over the testing period. To highlight the importance

of considering the strength of each limb independently alongside a measure of interlimb asymmetry, the ACLR limb stiffness (+ symbol) and non-injured limb stiffness

(• symbol) are shown alongside the total limb stiffness (o symbol). While the interlimb asymmetry in limb stiffness was negligible at the 18 months post-injury time

point, it can be seen that the total limb stiffness had still not fully recovered to the pre-injury mean value. (E) Shows the CMJ takeoff velocity vs. load profile and (F)

shows the CMJ eccentric deceleration impulse vs. load profile in the post-injury testing period.

return to sport and return to performance transition after
ACL injury.

The return to sport/return to performance transition
after ACL injury is a multifactorial process characterized by
complexity and many uncertainties (Buckthorpe, 2019; Burgi
et al., 2019). It is of critical importance after ACLR surgery to
ensure tissues have had sufficient time to heal, a process that
often requires more time than is allotted by return to sport
timelines (Nagelli and Hewett, 2016). To this end, time from
surgery was considered in the return to sport training plan
presented here. However, there are few pragmatic and concrete

measures of healing, and time from surgery has little bearing on
functional capacities after ACL injury (Barber-Westin andNoyes,
2011; Grindem et al., 2016; Burgi et al., 2019; Cristiani et al.,
2019). Thus, objective neuromuscular testing is recommended
after ACL injury to evaluate functional milestones alongside a
carefully planned and progressive return to sport training plan
(Myer et al., 2006; Grindem et al., 2016; Buckthorpe, 2019). This
seems especially important for alpine ski racers with ACL injury
given the high risk for traumatic injury (Flørenes et al., 2009;
Bere et al., 2014), the high lower body strength and work capacity
demands involved in ski racing (Berg et al., 1995), the frequency
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FIGURE 8 | Recovery of the isometric knee extensor/knee flexor maximum torque (A), rate of torque development—RTD (B), leg press maximum force (C), and leg

press rate of force development—RFD (D) in the post-injury period. A decrease in the non-injured limb knee extensor maximal torque and RTD was observed through

to the 18 months timepoint. Hamstring and quadriceps RTD remained depressed compared to maximal torque at 18 months post-injury. A small interlimb asymmetry

in leg press maximum force and RFD was noted at 18 months post-injury.

with which alpine skiers return to sport after ACL injury (Haida
et al., 2016), and the prevalence of ACL reinjury (Pujol et al.,
2007; Haida et al., 2016; Jordan et al., 2017c).

There are no evidence-based return to sport protocols or
testing batteries for alpine ski racers with ACL injury, but
developing this knowledge base is important (Jordan et al.,
2017a). To this end, the return to sport testing protocol
presented here included numerous tests that attempted to assess
the movement competencies, strength abilities, and workload
capacity of the athlete. While this protocol required specialized
equipment and more time than traditional field testing, it was
consistent with recommendations in the scientific literature of
employing objectively determined tests that evaluate a range of
neuromuscular abilities (Myer et al., 2006).

The neuromuscular testing battery included measures that
have been shown to identify individuals at-risk for ACL reinjury,

such as interlimb quadriceps strength symmetry (Grindem et al.,
2016). Hamstring muscle strength was evaluated as well given
the effects of the semitendinosus tendon autograft procedure
on knee flexor torque (Konrath et al., 2016). Additionally,
interlimb vertical jump asymmetries, permitting an evaluation
of eccentric/concentric movement abilities, were evaluated using
a dual force plate system. This approach has recently become
more common for evaluating neuromuscular function in ACL
injured athletes (Jordan et al., 2015b, 2018; Baumgart et al.,
2017; Hart et al., 2019; Miles et al., 2019). The present protocol
also conducted an assessment of power-endurance including the
acute effects of fatigue on interlimb asymmetries. While there
is no link between fatigue and the risk for ACL injury/reinjury,
fatigue may affect the lower body force-generating capabilities of
ACL injured athletes compared to non-injured controls (Jordan
et al., 2017b). Consistent with this idea, the ACL injured athlete
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highlighted in this case study showed a reduction in SJ interlimb
asymmetry with fatigue, reflecting less force generated by the
non-injured limb in the final 20 s of the 80 s repeated squat jump
test. This pattern was not observed at the 18 months post-injury
timepoint and the total mechanical power produced in the 80 s SJ
test had been restored above the pre-injury values by the final test.

In the present case study, the neuromuscular test battery
appeared sensitive to the recovery process after ACL injury.
Notably, the interlimb asymmetry index for the late takeoff
phase of the SJ and concentric phase of the CMJ tracked
most consistently with the time-course recovery following ACL
injury (c.f. Figure 5). In support of this notion, the interlimb
asymmetry indexes in these jump phases were previously
shown to distinguish elite alpine ski racers with ACLR from
skiers without ACLR (Jordan et al., 2015b). However, more
importantly, the test battery allowed the IPT to pinpoint
trainable deficits that could be addressed throughout the return
to sport training plan. Additionally, an athlete monitoring
strategy was employed vs. a single discrete time point clearance
approach. The recovery after ACLR surgery is lengthy, often
taking many years (Jordan et al., 2015a) and the prevalence
of ACL reinjury is greatest in the first 2 years after ACLR
surgery (Paterno et al., 2012, 2014). Thus, the return to sport
transition, often occurring between 9 and 12 months after
ACLR surgery, fails to account for the period with the highest
risk of reinjury and the fact that ACLR athletes often wish
to restore their pre-injury performance level (i.e., return to
performance), a process that may require several years. The
framework presented here attempted to account for the dynamic
transitional nature of the recovery process after ACLR surgery,
including consideration for the rehabilitation, return to sport and
return to performance phases.

Despite the recommendation that objective testing be
conducted in athletes with ACL injury to safeguard against
reinjury, there appears to be limited evidence to support this
notion (Burgi et al., 2019; Webster and Hewett, 2019). In fact,
while passing commonly performed return to sport testing
batteries was associated with a lower risk of ACL re-rupture, it
was associated with a 3x higher risk for contralateral ACL injury
(Burgi et al., 2019; Webster and Hewett, 2019). This highlights
the importance of monitoring neuromuscular function in both
the ACLR limb and non-injured limb alike throughout the
return to sport/return to performance transition. In the present
case study, the non-injured limb demonstrated a decline in
quadriceps strength and RFD through to the 18-month post-
injury time point.

Not only might RFD analysis provide additional insight
into the recovery of an ACLR athlete, but it has also been
shown that quadriceps and hamstring RFD remain persistently
depressed in ACLR patients, recovering more slowly than
maximum muscle strength. Active tissues, like skeletal muscle,
including the quadriceps and hamstring muscles, are important
for absorbing external energy to protect passive tissues like
the ACL. Importantly, the hamstring muscle group acts as an
ACL synergist counteracting anterior shear forces and tibial
rotation that cause ACL strain (Barrata et al., 1988). Maximum
muscle force is attained more than 500ms after the onset of
contraction, and as ACL injury events in alpine ski racing occur

in much shorter time frames (i.e., <100ms), hamstring RFD
may be particularly important for providing dynamic knee joint
stabilization to protect against ACL injury/reinjury (Jordan et al.,
2015c). As functional testing like single leg hopping may be of
little predictive value for identifying athletes at risk for ACL
reinjury (Grindem et al., 2016), hamstring/quadriceps strength
assessments, including assessing RFD ability, is important to
evaluate in ACLR athletes throughout rehabilitation and the
return to sport training phase. Despite observing a recovery
in the interlimb vertical jump asymmetries, muscle strength
and power deficits compared to the pre-injury mean value
remained 18 months post-injury. This highlights the importance
of baseline testing for athletes at-risk for ACL injury to
provide benchmarks for comparison in the event of an
injury. Based on the data presented here, a full recovery
after ACL injury was not equated with a full return to sport
and competition.

In addition to neuromuscular testing, return to sport
protocols should also consider the psychological readiness of
the athlete given its association with the risk for ACL reinjury
(McPherson et al., 2019). Furthermore, the return to sport
transition can be supported by a team approach that involves
interdisciplinary expertise (Wang et al., 2019). Psychological
readiness was not evaluated objectively in the present case
study, which is a limitation especially given that alpine ski
racing is an extreme sport with a high risk for traumatic
injury (Flørenes et al., 2009; Bere et al., 2014), and that many
factors related to skier psychology have been identified by
expert stakeholders as contributors to injury risk (Spörri et al.,
2012). Nevertheless, the IPT functioned as a holacracy or a flat
leadership structure where the opinions of the domain-specific
experts were considered equally, including those pertaining to the
athlete’s psychological readiness.

Finally, the present case study included an assessment of
internal workload (sRPE) as a component of the return to sport
training plan with an aim to ensure the athlete had sufficient
work capacity and physical reserves to support the return to
snow training camps. To the authors’ best knowledge, there
are currently no scientific investigations into the validity of the
sRPE method for measuring the internal workload in alpine ski
racers, and the relationship between work capacity and ACL
injury/reinjury risk remains unknown.

LIMITATIONS

There are limitations to the case study presented here. First,
the generalizability of the present data to the elite alpine skiing
population at large and to development-level alpine skiers is
unknown. Scientific inquiry is also required to validate the
proposed frameworks for safeguarding athlete health and safety
following ACL injury. The physical demands of alpine ski racing,
including the high forces and high velocities that are attained in
an unpredictable environment (i.e., unknown and variable course
conditions) are difficult to simulate in a controlled laboratory
setting. Consequently, the neuromuscular tests that are proposed
may be insufficient for evaluating the physical capacities of alpine
skiers with ACL injury. To this end, wearable technologies such
as inertial measurement units that can be worn during skiing

Frontiers in Sports and Active Living | www.frontiersin.org 13 March 2020 | Volume 2 | Article 1269

https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Jordan et al. Return to Sport/Return to Performance After ACLR

may provide additional information to the IPT, including the
ability to assess the relationship between off-snow neuromuscular
testing indices and on-snow neuromuscular strategies that may
be involved in ACL reinjury (Färber et al., 2018; Bessone et al.,
2019). Finally, it is recognized that psychological readiness is an
important determinant of return to sport readiness after ACL
injury (McPherson et al., 2019). Psychological readiness was not
assessed objectively in the present case study and this should
be considered an important component of the return to sport
transition after ACL injury given the extreme nature of alpine
ski racing.

SUMMARY AND RECOMMENDATIONS

Alpine ski racing is an extreme sport with a high risk for ACL
injury and high proportion of skiers will return to sport post-
ACLR surgery. Alpine skiers with ACL injury are at increased risk
for ACL reinjury, and the physical and psychological readiness
of alpine ski racers can be compromised after ACL injury.
Return to sport after ACL injury is a complex and uncertain
transitional period in an athlete’s career and the interdisciplinary
performance team (IPT) can support the recovery process
through a team-approach to rehabilitation that is underpinned by
athlete monitoring, neuromuscular testing, planning and science.
However, more work remains to be done to establish a valid
return to sport testing protocol and the training methods to
support elite alpine ski racers with ACL injury. There are several
potential recommendations and considerations that emerge from
this case study alongside findings from the scientific literature
that can assist practitioners in building a return to sport training
plan for alpine skiers with ACL injury:

• Assemble team-oriented individuals including practitioners
with expertise in sports medicine, physiotherapy, strength
& conditioning, sport science/physiology, nutrition,
biomechanics, and mental performance.

• Model the IPT off a holacracy whereby domain-specific-
practitioners lead the discussion depending on the
situation and the phase of the return to sport/return to
performance transition. As return to sport after ACL injury is
multifactorial, all members of the team, including the athlete,
should feel empowered to communicate their concerns
and opinions.

• Build a periodized return to sport training plan that follows
accepted training principles, uses a functional milestone-
based approach and details the phases through which the
athlete will progress including the acute post-operative period,
early/mid/late rehabilitation, return to sport transition and
the return to performance transition. ACL reinjury typically
occurs within the first 2 years post-injury so it is important
that the return to sport training plan reflects this timeline.

• Alpine ski racers suffering ACL injury often sustain significant
combined injury including multi-ligament injuries, meniscal
tears and chondral injury. These factors delay typical return

to sport timelines and should be factored into the return to
sport training plan.

• The IPT should work closely with the coach to develop a
progressive and appropriate return to snow plan that factors
in the psychological readiness and physical readiness of the
ACLR skier.

• Communicate the return to sport protocol in advance, prior
to the occurrence of injuries, translating the concept of a
milestone-based approach vs. time-based approach to coaches,
athletes and members of the IPT.

• Start building an athlete-specific pre-injury profile, including
baseline assessments of neuromuscular function, physical
fitness, and workload capacity that can be used as benchmarks
for comparison after ACL injury to guide the return to sport
training plan.

• Workloads should be monitored and progressed throughout
the return to sport transition so that an ACLR skier has
sufficient physical reserves to endure the demands of return
to snow training.

• A battery of standardized and reliable neuromuscular
assessments that are objectively determined and specific to the
demands of alpine ski racing should be employed to evaluate
an alpine skier with ACL injury.

• Interlimb asymmetries are a useful indicator of recovery after
ACL injury but it is important to ensure both limbs are
sufficiently strong given that ACL injury impacts both the
injured and non-injured limbs.

• Employ an athlete monitoring approach that tracks
the athlete throughout the return to sport/return to
performance transitions instead of a discrete timepoint
clearance approach.

DATA AVAILABILITY STATEMENT

The datasets for this article are not publicly available because
data pertains to Olympic athletes. Requests to access the datasets
should be directed to MJ, mjordan@ucalgary.ca.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of Calgary Research Ethics Board.
The patients/participants provided their written informed
consent to participate in this study. The animal study was
reviewed and approved by University of Calgary Research
Ethics Board.

AUTHOR CONTRIBUTIONS

MJ was responsible for preparing the manuscript. ML, NM,
JB, MH and WH were responsible for data collection and
data analysis. MH, SR and KM were responsible for medical
milestones. All authors contributed to the concepts and
framework presented in the manuscript.

Frontiers in Sports and Active Living | www.frontiersin.org 14 March 2020 | Volume 2 | Article 1270

mailto:mjordan@ucalgary.ca
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Jordan et al. Return to Sport/Return to Performance After ACLR

REFERENCES

Ardern, C. L., Taylor, N. F., Feller, J. A., and Webster, K. E. (2014). Fifty-five

per cent return to competitive sport following anterior cruciate ligament

reconstruction surgery: an updated systematic review and meta-analysis

including aspects of physical functioning and contextual factors. Br. J. Sports

Med. 48, 1543–1552. doi: 10.1136/bjsports-2013-093398

Ardern, C. L., Webster, K. E., Taylor, N. F., and Feller, J. A. (2011). Return to

sport following anterior cruciate ligament reconstruction surgery: a systematic

review and meta-analysis of the state of play. Br. J. Sports Med. 45, 596–606.

doi: 10.1136/bjsm.2010.076364

Barber-Westin, S. D., and Noyes, F. R. (2011). Factors used to determine

return to unrestricted sports activities after anterior cruciate ligament

reconstruction. Arthrosc. J. Arthrosc. Relat. Surg. 27, 1697–1705.

doi: 10.1016/j.arthro.2011.09.009

Barrata, R., Solomonow, M., Zhou, E., Letson, D., Chuinard, R., and

D’Ambrosia, R. (1988). Muscular coactivation: the role of the antagonist

musculature in maintaining knee stabaility. Am. J. Sports Med. 16, 113–122.

doi: 10.1177/036354658801600205

Baumgart, C., Hoppe, M. W., and Freiwald, J. (2017). Phase-specific ground

reaction force analyses of bilateral and unilateral jumps in patients with ACL

reconstruction. Orthop. J. Sport. Med. 5, 1–9. doi: 10.1177/2325967117710912

Bere, T., Flørenes, T. W., Nordsletten, L., and Bahr, R. (2014). Sex differences in

the risk of injury inWorld Cup alpine skiers: a 6-year cohort study. Br. J. Sports

Med. 48, 36–40. doi: 10.1136/bjsports-2013-092206

Berg, H., Eiken, O., and Tesch, P. (1995). Involvement of eccentric muscle

actions in giant slalom racing. Med. Sci. Sport. Exerc. 27, 1666–1670.

doi: 10.1249/00005768-199512000-00013

Bessone, V., Petrat, J., and Schwirtz, A. (2019). Ground reaction forces and

kinematics of ski Jump landing using wearable sensors. Sensors 19, 1–11.

doi: 10.3390/s19092011

Buckthorpe, M. (2019). Optimising the late-stage rehabilitation and return-to-

sport training and testing process after ACL reconstruction. Sports Med. 49,

1043–1058. doi: 10.1007/s40279-019-01102-z

Burgi, C. R., Peters, S., Ardern, C. L., Magill, J. R., Gomez, C. D., Sylvain, J., et al.

(2019). Which criteria are used to clear patients to return to sport after primary

ACL reconstruction? A scoping review. Br. J. Sports Med. 53:1154–1161.

doi: 10.1136/bjsports-2018-099982

Cristiani, R., Mikkelsen, C., Forssblad, M., Engström, B., and Stålman, A. (2019).

Only one patient out of five achieves symmetrical knee function 6 months

after primary anterior cruciate ligament reconstruction. Knee Surg. Sports

Traumatol. Arthrosc. 27, 3461–3470. doi: 10.1007/s00167-019-05396-4

Färber, S., Heinrich, D., Werner, I., and Federolf, P. (2018). Is it possible

to voluntarily increase hamstring muscle activation during landing from a

snow jump in alpine skiing? - A pilot study. J. Sports Sci. 37, 180–187.

doi: 10.1080/02640414.2018.1488423

Flørenes, T. W., Bere, T., Nordsletten, L., Heir, S., and Bahr, R. (2009). Injuries

amongmale and femaleWorld Cup alpine skiers. Br. J. SportsMed. 43, 973–978.

doi: 10.1136/bjsm.2009.068759

Forsdyke, D., Gledhill, A., and Ardern, C. (2017). Psychological readiness

to return to sport: three key elements to help the practitioner decide

whether the athlete is REALLY ready? Br. J. Sports Med. 51, 555–556.

doi: 10.1136/bjsports-2016-096770

Foster, C. (1998). Monitoring training in athletes with reference to

overtaining syndrome. Med. Sci. Sports Exerc. 30, 1164–1168.

doi: 10.1097/00005768-199807000-00023

García-Ramos, A., Pérez-Castilla, A., and Jaric, S. (2018). Optimisation of

applied loads when using the two-point method for assessing the force-

velocity relationship during vertical jumps. Sports Biomech. 12, 1–16.

doi: 10.1080/14763141.2018.1545044

Grindem, H., Snyder-Mackler, L., Moksnes, H., Engebretsen, L., and Risberg, M.

A. (2016). Simple decision rules can reduce reinjury risk by 84% after ACL

reconstruction: the Delaware-Oslo ACL cohort study. Br. J. Sports Med. 50,

804–808. doi: 10.1136/bjsports-2016-096031

Haaland, B., Steenstrup, S. E., Bere, T., Bahr, R., and Nordsletten, L. (2016).

Injury rate and injury patterns in FIS World Cup Alpine skiing (2006-2015):

have the new ski regulations made an impact? Br. J. Sports Med. 50, 32–36.

doi: 10.1136/bjsports-2015-095467

Haida, A., Coulmy, N., Dor, F., Antero-Jacquemin, J., Marc, A., Ledanois, T., et al.

(2016). Return to sport among french alpine skiers after an anterior cruciate

ligament rupture: results from 1980 to 2013. Am. J. Sports Med. 44, 324–330.

doi: 10.1177/0363546515612764

Hart, L., Cohen, D., Patterson, S., Springham, M., Reynolds, J., Read, P. (2019).

Previous injury is associated with heightened countermovement jump force-

time asymmetries in professional soccer players even after return to play.

Transl. Sport Med. 2, 256–262. doi: 10.1002/tsm2.92

Jordan, M., Aagaard, P., and Herzog, W. (2015a). “A return to skiing envelope of

function for anterior cruciate ligament reconstructed elite Alpine ski racers,” in

Science and Skiing VI, eds E. Muller, J. Kroll, S. Lindinger, J. Pfusterschmied,

and T. Stoggle (Salzburg: Meyer & Meyer Sport), 187–195.

Jordan, M., Aagaard, P., and Herzog, W. (2015b). Lower limb asymmetry in

mechanical muscle function: a comparison between ski racers with and

without ACL reconstruction. Scand. J. Med. Sci. Sports 25, e301–e309.

doi: 10.1111/sms.12314

Jordan, M., Aagaard, P., and Herzog, W. (2015c). Rapid hamstrings/quadriceps

strength in ACL-reconstructed elite alpine ski racers.Med. Sci. Sports Exerc. 47,

109–119. doi: 10.1249/MSS.0000000000000375

Jordan, M., Aagaard, P., and Herzog, W. (2017a). Anterior cruciate ligament

injury/reinjury in alpine ski racing: a narrative review. Open access J. Sports

Med. 8, 71–83. doi: 10.2147/OAJSM.S106699

Jordan, M., Aagaard, P., and Herzog, W. (2017b). Asymmetry and thigh muscle

coactivity in fatigued anterior cruciate ligament-reconstructed elite skiers.Med.

Sci. Sports Exerc. 49, 11–20. doi: 10.1249/MSS.0000000000001076

Jordan, M., Aagaard, P., and Herzog, W. (2018). A comparison of lower limb

stiffness and mechanical muscle function in ACL-reconstructed, elite, and

adolescent alpine ski racers/ski cross athletes. J. Sport Health Sci. 7, 416–424.

doi: 10.1016/j.jshs.2018.09.006

Jordan, M., Doyle-Baker, P., Heard, M., Aagaard, P., and Herzog, W.

(2017c). A retrospective analysis of concurrent pathology in the ACL

reconstructed knees of elite alpine ski racers. Orthop. J. Sport. Med. 5, 1–7.

doi: 10.1177/2325967117714756

Konrath, J. M., Vertullo, C. J., Kennedy, B. A., Bush, H. S., Barrett, R. S., and

Lloyd, D. G. (2016). Morphologic characteristics and strength of the hamstring

muscles remain altered at 2 years after use of a hamstring tendon graft in

anterior cruciate ligament reconstruction. Am. J. Sports Med. 44, 2589–2598.

doi: 10.1177/0363546516651441

Linthorne, N. P. (2001). Analysis of standing vertical jumps using a force platform.

Am. J. Phys. 69:1198. doi: 10.1119/1.1397460

Maffiuletti, N. A., Aagaard, P., Blazevich, A. J., Folland, J., Tillin, N.,

and Duchateau, J. (2016). Rate of force development: physiological and

methodological considerations. Eur. J. Appl. Physiol. 116, 1091–1116.

doi: 10.1007/s00421-016-3346-6

McPherson, A. L., Feller, J. A., Hewett, T. E., and Webster, K. E. (2019).

Psychological readiness to return to sport is associated with second

anterior cruciate ligament injuries. Am. J. Sports Med. 47, 857–862.

doi: 10.1177/0363546518825258

Miles, J. J., King, E., Falvey, É. C., and Daniels, K. A. J. (2019). Patellar

and hamstring autografts are associated with different jump task loading

asymmetries after ACL reconstruction. Scand. J. Med. Sci. Sports 29, 1212–1222.

doi: 10.1111/sms.13441

Myer, G. D., Paterno, M. V., Ford, K. R., Quatman, C. E., and Hewett, T. E. (2006).

Rehabilitation after anterior cruciate ligament reconstruction: criteria-based

progression through the return-to-sport phase. J. Orthop. Sports Phys. Ther. 36,

385–402. doi: 10.2519/jospt.2006.2222

Nagelli, C. V., and Hewett, T. E. (2016). Should return to sport be delayed

until 2 years after anterior cruciate ligament reconstruction? Biological

Functional Considerations. Sport. Med. 47, 221–232. doi: 10.1007/s40279-016-

0584-z

Paterno, M. V., Rauh, M. J., Schmitt, L. C., Ford, K. R., and Hewett, T. E. (2012).

Incidence of contralateral and ipsilateral anterior cruciate ligament (ACL)

injury after primary ACL reconstruction and return to sport. Clin. J. Sport Med.

22, 116–121. doi: 10.1097/JSM.0b013e318246ef9e

Paterno, M. V., Rauh, M. J., Schmitt, L. C., Ford, K. R., and Hewett, T.

E. (2014). Incidence of second ACL injuries 2 years after primary ACL

reconstruction and return to sport. Am. J. Sports Med. 42, 1567–1573.

doi: 10.1177/0363546514530088

Frontiers in Sports and Active Living | www.frontiersin.org 15 March 2020 | Volume 2 | Article 1271

https://doi.org/10.1136/bjsports-2013-093398
https://doi.org/10.1136/bjsm.2010.076364
https://doi.org/10.1016/j.arthro.2011.09.009
https://doi.org/10.1177/036354658801600205
https://doi.org/10.1177/2325967117710912
https://doi.org/10.1136/bjsports-2013-092206
https://doi.org/10.1249/00005768-199512000-00013
https://doi.org/10.3390/s19092011
https://doi.org/10.1007/s40279-019-01102-z
https://doi.org/10.1136/bjsports-2018-099982
https://doi.org/10.1007/s00167-019-05396-4
https://doi.org/10.1080/02640414.2018.1488423
https://doi.org/10.1136/bjsm.2009.068759
https://doi.org/10.1136/bjsports-2016-096770
https://doi.org/10.1097/00005768-199807000-00023
https://doi.org/10.1080/14763141.2018.1545044
https://doi.org/10.1136/bjsports-2016-096031
https://doi.org/10.1136/bjsports-2015-095467
https://doi.org/10.1177/0363546515612764
https://doi.org/10.1002/tsm2.92
https://doi.org/10.1111/sms.12314
https://doi.org/10.1249/MSS.0000000000000375
https://doi.org/10.2147/OAJSM.S106699
https://doi.org/10.1249/MSS.0000000000001076
https://doi.org/10.1016/j.jshs.2018.09.006
https://doi.org/10.1177/2325967117714756
https://doi.org/10.1177/0363546516651441
https://doi.org/10.1119/1.1397460
https://doi.org/10.1007/s00421-016-3346-6
https://doi.org/10.1177/0363546518825258
https://doi.org/10.1111/sms.13441
https://doi.org/10.2519/jospt.2006.2222
https://doi.org/10.1007/s40279-016-0584-z
https://doi.org/10.1097/JSM.0b013e318246ef9e
https://doi.org/10.1177/0363546514530088
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Jordan et al. Return to Sport/Return to Performance After ACLR

Pujol, N., Rousseaux Blanchi, M. P., and Chambat, P. (2007). The incidence of

anterior cruciate ligament injuries among competitive alpine skiers: a 25-year

investigation. Am. J. Sports Med. 35, 1070–1074. doi: 10.1177/036354650730

1083

Spörri, J., Kröll, J., Amesberger, G., Blake, O. M., and Müller, E.

(2012). Perceived key injury risk factors in World Cup alpine ski

racing–an explorative qualitative study with expert stakeholders.

Br. J. Sports Med. 46, 1059–1064. doi: 10.1136/bjsports-2012-09

1048

Wang, D., Chiaia, T., Cavanaugh, J. T., and Rodeo, S. A. (2019).

Team approach: return to play after anterior cruciate ligament

reconstruction. JBJS Rev. 7:e1. doi: 10.2106/JBJS.RVW.18.

00003

Webster, K. E., and Hewett, T. E. (2019). What is the evidence for and validity

of return-to-sport testing after anterior cruciate ligament reconstruction

surgery? A Systematic Review and Meta-Analysis. Sports Med. 49, 917–929.

doi: 10.1007/s40279-019-01093-x

Webster, K. E., McPherson, A. L., Hewett, T. E., and Feller, J. A. (2019). Factors

associated with a return to preinjury level of sport performance after anterior

cruciate ligament reconstruction surgery. Am. J. Sports Med. 47, 2557–2562.

doi: 10.1177/0363546519865537

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Jordan, Morris, Lane, Barnert, MacGregor, Heard, Robinson

and Herzog. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Sports and Active Living | www.frontiersin.org 16 March 2020 | Volume 2 | Article 1272

https://doi.org/10.1177/0363546507301083
https://doi.org/10.1136/bjsports-2012-091048
https://doi.org/10.2106/JBJS.RVW.18.00003
https://doi.org/10.1007/s40279-019-01093-x
https://doi.org/10.1177/0363546519865537
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


ORIGINAL RESEARCH
published: 06 March 2020

doi: 10.3389/fspor.2020.00011

Frontiers in Sports and Active Living | www.frontiersin.org 1 March 2020 | Volume 2 | Article 11

Edited by:

Jörg Spörri,

Balgrist University

Hospital, Switzerland

Reviewed by:

Kam Ming Mok,

The Chinese University of

Hong Kong, China

Marcel Betsch,

University Hospital RWTH

Aachen, Germany

*Correspondence:

Maria Westin

Maria.Westin.3@ki.se

Specialty section:

This article was submitted to

Sports Science, Technology and

Engineering,

a section of the journal

Frontiers in Sports and Active Living

Received: 31 August 2019

Accepted: 27 January 2020

Published: 06 March 2020

Citation:

Westin M, Harringe ML, Engström B,

Alricsson M and Werner S (2020)

Prevention of Anterior Cruciate

Ligament Injuries in Competitive

Adolescent Alpine Skiers.

Front. Sports Act. Living 2:11.

doi: 10.3389/fspor.2020.00011

Prevention of Anterior Cruciate
Ligament Injuries in Competitive
Adolescent Alpine Skiers
Maria Westin 1*, Marita Löfgren Harringe 1, Björn Engström 1, Marie Alricsson 2 and

Suzanne Werner 1

1Department of Molecular Medicine and Surgery, Karolinska Institutet, Stockholm Sports Trauma Research Center,

Stockholm, Sweden, 2Department of Sports Science, Linnaeus University, Kalmar, Sweden

Anterior cruciate ligament (ACL) injury is one of the most serious injuries among Swedish

alpine ski high school students. An ACL injury forces the skier to stop skiing for several

months, and some skiers even have to give up their skiing career. Therefore, an ACL

injury prevention program might play an important role for alpine skiers. In the present

study ski high school students have been followed in terms of ACL injuries during 1–2

ski seasons between 2006/2007 and 2012/2013. Alpine skiers studying at the Swedish

ski high schools during the ski seasons 2011/2012 and 2012/2013 received a specific

ACL injury prevention program (n = 305), while alpine skiers who attended a Swedish

ski high school between the ski seasons 2006/2007 and 2010/2011 served as controls

(n= 431). The prevention program was based on earlier studies and included indoor and

outdoor exercises on snow focusing on core stability and neuromuscular control. Alpine

skiing is an equilateral sport. Therefore, the goal of the prevention was to encourage

the skiers to practice these exercises in order to perform equally good on both legs.

The outcome measure consisted of the number and incidence of ACL injuries. The 2

years of prevention resulted in 12 ACL injuries (3.9%) compared with 35 ACL injuries

during the control period (8.1%). The absolute risk rate showed a decreased incidence

rate of −0.216 [CI −0.001–(−0.432)]/100 months attending a ski high school in favor of

the intervention group. A prevention program focusing on the skier’s ability to perform

neuromuscular exercises equally good on both legs led to a reduction of ACL injuries.

Keywords: alpine skiing, adolescent, ACL injury, knee injuries, awareness program, risk factor

INTRODUCTION

Worldwide alpine skiing is a very popular winter sport (Hunter, 1999). It attracts both genders and
different ages, and skiing performance depends on age and skiing level. Like other sports alpine
skiing can, however, lead to severe injuries irrespective of skiing level (Westin et al., 2012; Bere
et al., 2014; Stenroos and Handolin, 2014).

Several epidemiological studies in competitive alpine skiers have reported the knee to be the
most frequently injured body part and anterior cruciate ligament (ACL) injury the most common
diagnosis (Florenes et al., 2009; Bere et al., 2014; Stenroos and Handolin, 2014). From a 25-year
follow-up of the French national ski team, Pujol et al. (2007) reported an incidence rate of 8.5 ACL
injuries/100 ski seasons. An ACL injury is serious, and irrespective of gender it constitutes a risk for

73

https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/journals/sports-and-active-living#editorial-board
https://www.frontiersin.org/journals/sports-and-active-living#editorial-board
https://www.frontiersin.org/journals/sports-and-active-living#editorial-board
https://www.frontiersin.org/journals/sports-and-active-living#editorial-board
https://doi.org/10.3389/fspor.2020.00011
http://crossmark.crossref.org/dialog/?doi=10.3389/fspor.2020.00011&domain=pdf&date_stamp=2020-03-06
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Maria.Westin.3@ki.se
https://doi.org/10.3389/fspor.2020.00011
https://www.frontiersin.org/articles/10.3389/fspor.2020.00011/full
http://loop.frontiersin.org/people/796959/overview
http://loop.frontiersin.org/people/896137/overview


Westin et al. Prevention of Anterior Cruciate Ligament Injuries

the skier’s career as well as for early osteoarthritis (Lohmander
et al., 2004; Nordenvall et al., 2014). These facts highlight the
importance of ACL injury prevention.

In the epidemiological literature, van Mechelen’s four steps
model for developing a sport specific prevention program has
been suggested (van Mechelen et al., 1992). The first step
evaluates injury incidence and injury severity, the second step
identifies injury mechanism and intrinsic as well as extrinsic
injury risk factors, the third step consists of an intervention in
terms of injury prevention based on steps one and two, and
the fourth step evaluates the prevention strategies by repeating
step one.

A number of both intrinsic and extrinsic risk factors for ACL
injuries have been proposed (Smith et al., 2012a,b). However, to
the best of our knowledge, only a few of these risk factors are
sport specific for alpine skiing at the elite level. Raschner et al.
(2012) found that impaired core strength was a critical factor for
sustaining an ACL injury in young competitive ski racers. Westin
et al. (2018) reported a higher risk to sustain an ACL injury in
the left compared to the right knee. Bere et al. (2011a,b); Bere
et al. (2013) studied the injury mechanism in World Cup skiers.
From their video analysis of 20 ACL injuries they reported “slip
and catch” to be the most common ACL injury mechanism (Bere
et al., 2011a). The “slip and catch” mechanism means that the
skier loose the pressure on the outer ski, while the inside edge
of the outer ski is catching the snow and forces the knee into
valgus and internal rotation. Moreover, Bere et al. (2011b) found
that the majority of knee injuries occurred while skiing, and a
technical as well as an inappropriate tactical mistake could lead
to an ACL injury.

Still knowledge is sparse about alpine injury prevention,
especially when it comes to adolescents. Changing the ski
regulations by increasing the side cut radius and the ski length,
Haaland et al. (2016) recently reported a reduction in the
total injury incidence among skiers at the World Cup level.
However, the side cut radius and the ski length change did not
specifically influence the incidence of knee injuries (Haaland
et al., 2016). For recreational skiers, there are two studies focusing
on injury prevention by introducing a skiing education program
(Ettlinger et al., 1995; Jlrgensen et al., 1998). Ettlinger et al. (1995)
reported a reduction of 62% of serious knee sprains in skiers
who had completed their “ACL-Awareness Program.” Jlrgensen
et al. (1998) reported a decreased injury risk by showing an
instructional ski video.

In Sweden, about 700 skiers hold a FIS-license, and nearly
100% of these alpine skiers, aged 16–20 years, are studying at a
Swedish ski high school. Approximately, 60 new alpine skiers are
entering the ski high schools every year. The skiers can study 3–4
years at a Swedish ski high school. The admission to a Swedish
ski high school is based on points from the ranking system of the
International Ski Federation (FIS). Entering one of these ski high
schools may lead tomembership of the national team and thereby
a possibility to reach the world class in alpine skiing.

Hewett et al. (2010) have reported that a side-to-side
difference could increase the injury risk in either the dominant
or the non-dominant leg. The individual skier might rely too
much on his (or her) dominant leg, which may result in too

high a load of the knee joint. Contrarily, less muscle strength,
and impaired coordination of the non-dominant leg when
compared with the dominant leg could also be an injury risk
factor (Hewett et al., 2010). Alpine skiing is an equilateral sport
where the skier needs to perform equally well when performing
ski turns to the left as well as to the right. There are heavy
physical demands in competitive alpine skiers in terms of rapid
speeds and high external loads (Berg et al., 1995; Hintermeister
et al., 1995). To meet these demands it is likely that the
skier needs very good bilateral leg muscle strength symmetry
(Neumayr et al., 2003). However, physical conditioning also
includes other physical variables such as core stability, balance,
and coordination (Hydren et al., 2013).

Since the season 2006/2007, Swedish ski high school students,
age 16–20 years, have been prospectively followed with respect
to physical performance and injuries. Risk profiles have been
reported and risk factors concluded (Westin et al., 2018). The
present study is the third step in the model by van Mechelen
et al. (1992) where an ACL injury prevention program based
on previous findings is implemented. The aim of the present
investigation was to evaluate whether a sports specific prevention
program including different exercises could reduce the incidence
of ACL injuries in competitive adolescent alpine skiers.

MATERIALS AND METHODS

Study Design and Subjects
The present investigation is an ACL injury prevention study
performed during a period of 21 months including two groups,
an intervention group and a control group. The intervention
group consisted of alpine skiers studying at a Swedish ski high
school during the ski seasons 2011/2012 and 2012/2013. The
control group consisted of 456 alpine skiers, who attended a
ski high school between the seasons 2006/2007 and 2010/2011.
Two ski seasons or 21 months attending a ski high school
were the maximal time of exposure for a skier included in the
present investigation. During this period the new changes of ski
regulations by FIS were not yet implemented at the national level
(Haaland et al., 2016). The reasons for using historical controls
were 2-fold. Firstly, there would be a risk for crossover effects
when some skiers performed a prevention program and other
skiers did not. Secondly, in order to reduce the risk of a crossover
effect a cluster randomization design would be appropriate, but
the number of skiers would be a limited factor.

A total of 28 skiers were excluded from the study for
two reasons: either they did not complete their studies at the
school (n = 21) or they left the school due to earlier injuries
(n= 7) (Figure 1).

At baseline the alpine skiers answered a questionnaire
including questions such as howmany years they had been skiing,
at what age they started to participate in ski competitions, how
important they found alpine skiing, and whether the skier had
had any skiing related injuries that stopped him or her from
participating in alpine skiing. The FIS ranking was obtained from
the link of FIS, and the skier’s FIS ranking when entering the
study was used. Demographic data are presented in Table 1.
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FIGURE 1 | Flowchart of the alpine skiers throughout the study period.

TABLE 1 | Specific characteristics of the alpine skiers at baseline.

Intervention group

(n = 305)

Control group

(n = 431)

Gender Males (n = 148)

Females (n = 157)

Males (n = 215)

Females (n = 216)

Age (year)a 17.1 ± 1.14 17.5 ± 1.23

Skiing experience (year)a 11.2 ± 2.31 11.3 ± 2.31

Competitive experience (year)a 8.6 ± 2.37 8.9 ± 2.29

FIS-rank SL (rank place)b 1,500 (27–5,261) 1,820 (14–5,895)

FIS-rank GS (rank place)b 1,831 (33–5,726) 2,102 (139–5,942)

Previous lower extremity injury 129 (42) 184 (43)

Previous ACL reconstructionsc 23 (8)

Males = 4

Females = 18

33 (8)

Males = 4

Females = 27

There were no significant differences between the groups.
aMean and standard deviation.
bMedian and range.
cNumber and percentage.

SL, slalom; GS, giant slalom.

Intervention
ACL Injury Prevention Video
In collaboration with representatives from the Swedish Ski
Federation and inspired by the Vermont Skiing Safety Research
Group, an educational ACL injury prevention video was
developed. The video was based on the injury profile (Westin
et al., 2012) that identified intrinsic risk factors for ACL injuries
in competitive adolescent alpine skiers (Westin et al., 2018) and
their experience of having a safer/better ski turn to the right
or to the left. The video was produced by two professional
film producers.

The video (https://www.youtube.com/watch?v=l-
9CrG7lmAg&t=10s) included information about ACL injuries in

TABLE 2 | Side distribution of ACL injuries during the study period.

Intervention group Control group

Males

(n = 5)

Females

(n = 7)

Males

(n = 14)

Females

(n = 21)

First time ACL injury

(n, side)

4

(2 left, 2 right)

4

(2 left, 2 right)

11

(8 left, 3 right)

13

(9 left, 4 right)

ACL re-injury (n, side) 1

(left)

1

(left)

2

(left)

5

(4 left, 1 right)

ACL injury of the

contralateral knee (n)

2 1 2

Third time ACL injury (n) 1

competitive alpine skiers and how to possibly avoid ACL injury
situations while skiing. Additionally, the video consisted of three
indoor and three outdoor exercises on snow focusing on core
stability and neuromuscular control (Hewett et al., 2010). The
Indoor exercises consisted of the one leg hop test for distance
(Itoh et al., 1998), the square hop test (Itoh et al., 1998), and the
single leg squat (Hydren et al., 2013). The outdoor exercises that
were suggested by the Swedish Ski Federation consisted of the
shuffle, the back and forth, and turns with lifted inner ski. The
skiers were instructed to be aware of whether they were able to
perform the exercises equally well on both legs and if they could
perform equally well ski turns to the left as to the right.

First Year of Prevention
The prevention program was introduced in September 2011,
and all ski coaches were taught how to implement the
preventive strategies. The video was used as a support in
order to educate the ski students about ACL injury prevention.
They were instructed to watch the video every third week
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between September and November (preseason) and once each
month between December and April (competition season). The
education included information about identified risk factors for
ACL injuries in alpine skiing and the importance of stimulating
the skiers to regularly perform the suggested exercises. The
coaches were informed that the ACL of the left leg wasmore often
injured than that of the right leg. Therefore, the guidelines were
to perform the exercises equally well on both legs.

Second Year of Prevention
Prior to the second year the test leader (MW) paid a visit at each
ski high school in order to educate the new ski students and also
to remind the other ski students as well as their coaches about the
prevention program.

During the entire study period the test leader had monthly
contact with the ski students as well their coaches. The reason
for these contacts was to make sure that all ACL injuries were
collected and to be informed about how the skiers complied with
the suggested exercises. Their compliance with the training was
collected using a questionnaire. At the end of the second year
all coaches were reinvited to a meeting in order to secure that
all ACL injuries had been recorded and reported to the main
test leader.

Injury Report
All reported ACL injuries in the present study were total ACL
ruptures, diagnosed by experienced orthopedic surgeons, and
confirmed with MRI and/or arthroscopy.

Every month the test leader was in contact with the skiers by
email and with the coaches by telephone asking about possible
reinjuries or new ACL injuries. In case of an ACL injury the skier
filled out a standardized injury form. Besides the date of injury
and the injurymechanism, this form included questions about ski
discipline, weather condition, visibility, slope conditions as well
as temperature (Celsius degree) when the ACL injury occurred.
In addition, this form included a question about physical fatigue
and history of possible earlier injuries.

Statistical Analysis
Data is presented according to guidelines for reporting
observational studies (Rothman, 2002). Descriptive statistics is
presented for categorical data with median and range and for
continuous data with mean and standard deviation. ACL injury
prevalence was calculated as the number of ACL injuries divided
by the total number of skiers, and a Chi-2 test was used to
determine whether there was a significant difference with respect
to ACL injuries between the groups. Time of exposure was
calculated as the total number of months that a skier was
attending a ski high school, and the ACL injury incidence (IR)
was reported as the total number of ACL injuries per 100
months that a skier was attending a ski high school. A 95%
confidence interval was estimated. The absolute rate reduction
of the intervention was calculated as absolute incidence rate
differences [IRD= IR (intervention group) – IR (control group)]
with 95% confidence interval (Rothman, 2002). The time to the
occurrence of an ACL injury between the groups was calculated
and presented with the Kaplan–Meier survival curve. All P-values

FIGURE 2 | Kaplan–Meier survival curve for ACL injuries in the intervention

group and the control group.

were two-tailed with p < 0.05 considered statistically significant.
Data were analyzed using Statistica 12, StatSoft R©, Inc. Tulsa
OK, USA.

RESULTS

During the intervention seasons 12 skiers (5 males, 7 females)
sustained 12 complete ACL injuries. This resulted in a prevalence
of 3.9% and an injury incidence of 0.26/100 months (95% CI
0.11–0.41) for a skier attending a ski high school. Eight of
the injuries were first time ACL injuries, and two were re-
injuries (Table 2).

During the control seasons there were 33 skiers (12 males,
21 females) that sustained a total of 35 complete ACL ruptures
resulting in a prevalence of 8.1% and an injury incidence of
0.48/100 months (95% CI 0.32–0.64) for a skier attending a ski
high school. Twenty-four of the ACL injuries were first time ACL
injuries and seven were re-injuries (Table 2).

The absolute risk rate showed a decreased incidence rate of
−0.216 (CI−0.001 to (−0.432)/100 months for a skier attending
a ski high school in favor of the intervention group. A Hazard
ratio of 0.56 (CI 0.29–1.08) was shown and reported according
to the Kaplan–Meier survival curve (Figure 2). The number
of ACL injuries in the intervention group was significantly
reduced (p= 0.03).

Compliance With the Prevention Program
The ACL injury prevention program was included in the skiers’
ordinary training. Out of the 305 skiers 94 (42%) answered the
questionnaire about their compliance, and 75% reported that
they had watched the video 1–5 times, 62% that their training had
been focused on equilateral skiing, and 41% of the skiers had used
the suggested exercises to find out whether their performance was
equally well on both legs.
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DISCUSSION

The overall aim of this investigation was to study whether a
specific prevention program could reduce or prevent the number
of ACL injuries in competitive adolescent alpine skiers.

The result showed a reduction of the incidence rate with
−0.216 ACL injuries/100 months for a skier attending a ski high
school. This means a reduction of 45% during the prevention
period. Solely a few studies on ACL injury prevention in alpine
skiing exist. In contrast to the present study Haaland et al. (2016)
tried to prevent injuries by equipment changing focusing on

intrinsic risk factors. To the best of our knowledge the present
investigation is, however, the first one in adolescent alpine skiers

at competitive level. Ettlinger et al. (1995) reported a decreased
ACL injury rate as a result of a special educational program for

ski instructors and ski patrollers in order to avoid ACL injury
risk situations and also how to fall when off balance and how

to stop after a fall. Like Ettlinger et al. (1995) the authors of the
present study have tried to teach both the ski coaches and the
alpine skiers to be aware of possible ACL injury risk situations.
Awareness of certain risk situations may help to reduce the skier’s
technical mistake and thereby preventing an ACL injury (Bere
et al., 2011b).

In a study of ACL injury risk factors we found that ACL
injured alpine skiers showed an increased side-to-side difference
when performing the one leg hop test for distance compared to
the uninjured skiers. In the same investigation we also found that
the skier’s left knee was more injured than their right knee, which
might at least to some extent, be due to this side-to-side difference
(Westin et al., 2018). A recent publication about normative data
when performing hop tests showed various results in terms of
the best leg (left or right) for hop performance (Hildebrandt
et al., 2015). When it comes to another hop test, the one leg
counter movement jump, hop performance of the dominant
leg was superior to the non-dominant leg (Hildebrandt et al.,
2015). Alpine skiing is a multifactorial sport including a number
of different physiological demands on the skier (Hydren et al.,
2013). Furthermore, alpine skiing is an equilateral sport, meaning
that the same physical demands are put on both legs. Therefore,
the goal of the prevention program in the present investigation
was to perform different types of exercises, indoors as well as
outdoors on snow, with focus on how to perform equally well on
the left and right legs. In female athletes it has been reported that
those with a side-to-side asymmetry in terms of muscle strength
are at a greater risk of an ACL injury than athletes without this
asymmetry (Hewett et al., 2005) Whether this goes for male
athletes, as well, is not known.

Moreover, Hewett et al. (2010) have pointed out the
importance of a good neuromuscular balance between the
quadriceps and hamstring muscles and between the dominant
and non-dominant leg as well as a good postural control in
order to prevent ACL injuries. These aspects may be of potential
interest especially in an equilateral sport like alpine skiing.
Therefore, in the present study, the prevention program was
focused on each skier’s awareness of his (or her) side-to-side
ability when performing the suggested exercises, indoors as well
as outdoors on snow. Thus, the goal was to perform equally

well on both legs. Majority of earlier publications on ACL injury
prevention are in team ball sports, such as soccer (Mandelbaum
et al., 2005; Walden et al., 2012) and handball (Myklebust et al.,
2003). These studies have been focused on neuromuscular warm-
up programs which have led to a reduction of ACL injuries
(Myklebust et al., 2003; Mandelbaum et al., 2005; Walden et al.,
2012). Similar to these team ball studies we found that a training
concept focusing on neuromuscular exercises can reduce the
ACL incidence rate. As suggested by Finch (2006), the next
step following this investigation should be to study motivators
and barriers for the implementation of a prevention program.
However, more studies specifically tailored for reducing ACL
injuries in competitive adolescent alpine skiers are needed.

Strengths
A strength when using a prospective cohort design is that you are
able to calculate the absolute risk. The absolute risk associated
with exposure is of greater interest than the relative risk due to
the statistical method. Another strength is that the preventive
strategies implemented in young athletes may be more successful
if both the skiers and their coaches are fully informed. In the
present study, the coaches and the skiers were instructed to
work together using an education program in order to reduce
or prevent ACL injuries in competitive adolescent alpine skiers
including exercises, both indoors and outdoors on snow, which
also could be considered as strength of the study.

Limitations
Using historical controls may be seen as a study limitation,
but the reasons were 2-fold. Firstly, the alpine ski students are
regularly meeting each other at both national and international
ski camps and ski competitions. Consequently, it was impossible
to randomize some of the skiers to an intervention group
and others to a control group without the risk of a crossover
effect. Secondly, due to the limited number of alpine ski
students in Sweden the use of historic controls was the
way to being able to perform a prevention study of this
type. More alpine ski students and/or a higher number
of studied ski seasons might have been more appropriate.
However, the present investigation was a cohort consisting of
all Swedish alpine ski students with more than 200 students
per year, and they are solely studying 3 or 4 years at a
Swedish ski high school. Therefore, there would be huge
logistical problems to increase the number of skiers and/or
ski seasons.

Only 42% of the students in the intervention group replied
on the compliance form, and it is therefore not trustworthy.
Finch et al. (2011) concluded that a prevention program must
be carried out regularly and be integrated with the normal
sport specific training. In the present study both coaches and
skiers were educated in the program, and the exercises were
initially performed together with the coaches. Maybe that was
the reason that the number of ACL injuries was reduced. From
a psychological point of view, the close contact throughout the
entire study period between the main test leader and the coaches
and their alpine ski students could also have been the reason for
the reduction of ACL injuries.
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CONCLUSION

A prevention program of ACL injuries led to a 45% reduction
of ACL injuries in Swedish alpine ski high school students. This
indicates that an ACL injury prevention program consisting of
neuromuscular exercises both indoors and outdoors on snow can
prevent ACL injuries in competitive adolescent alpine skiers.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The present investigation was approved by the Regional
Ethics Committee in Stockholm, Dnr 2006/833-31/1. Prior
to entering the study all skiers were given both oral and
written information. Participation was voluntary, and all skiers
consented to participate.

AUTHOR CONTRIBUTIONS

MW conducted all data collecting. MW and MH conducted data
analysis and graphical representation of the findings. All authors
contributed to conception and design of the work, drafted it,
revised it critically for important intellectual content, approved
the final version of the manuscript, and agreed to be accountable
for all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately
investigated and resolved. All persons designated as authors
qualify for authorship, and all those who qualify for authorship
are listed.

ACKNOWLEDGMENTS

Wewould like to thank the Swedish National Centre for Research
in Sports, Stockholm Sweden and Stockholm County Council,
Stockholm, Sweden for economical support. We also express
sincere appreciation to all alpine skiers who volunteered to
participate in this project.

REFERENCES

Bere, T., Florenes, T. W., Krosshaug, T., Koga, H., Nordsletten, L., Irving, C., et al.

(2011a). Mechanisms of anterior cruciate ligament injury in World Cup alpine

skiing: a systematic video analysis of 20 cases.Am. J. Sports Med. 39, 1421–1429.

doi: 10.1177/0363546511405147

Bere, T., Florenes, T. W., Krosshaug, T., Nordsletten, L., and Bahr, R. (2011b).

Events leading to anterior cruciate ligament injury inWorld Cup Alpine Skiing:

a systematic video analysis of 20 cases. Br. J. Sports Med. 45, 1294–1302.

doi: 10.1136/bjsports-2011-090517

Bere, T., Florenes, T. W., Nordsletten, L., and Bahr, R. (2014). Sex differences in

the risk of injury inWorld Cup alpine skiers: a 6-year cohort study. Br. J. Sports

Med. 48, 36–40. doi: 10.1136/bjsports-2013-092206

Bere, T., Mok, K. M., Koga, H., Krosshaug, T., Nordsletten, L., and Bahr, R. (2013).

Kinematics of anterior cruciate ligament ruptures in World Cup alpine skiing:

2 case reports of the slip-catch mechanism. Am. J. Sports Med. 41, 1067–1073.

doi: 10.1177/0363546513479341

Berg, H. E., Eiken, O., and Tesch, P. A. (1995). Involvement of eccentric

muscle actions in giant slalom racing. Med. Sci. Sports Exerc. 27, 1666–1670.

doi: 10.1249/00005768-199512000-00013

Ettlinger, C. F., Johnson, R. J., and Shealy, J. E. (1995). A method to help reduce

the risk of serious knee sprains incurred in alpine skiing. Am. J. Sports Med. 23,

531–537. doi: 10.1177/036354659502300503

Finch, C. (2006). A new framework for research leading to sports

injury prevention. J. Sci. Med. Sport. 9:3–9; discussion 10.

doi: 10.1016/j.jsams.2006.02.009

Finch, C. F., White, P., Twomey, D., and Ullah, S. (2011). Implementing an

exercise-training programme to prevent lower-limb injuries: considerations

for the development of a randomised controlled trial intervention

delivery plan. Br. J. Sports Med. 45, 791–796. doi: 10.1136/bjsm.2010.0

81406

Florenes, T. W., Bere, T., Nordsletten, L., Heir, S., and Bahr, R. (2009). Injuries

amongmale and femaleWorld Cup alpine skiers. Br. J. SportsMed. 43, 973–978.

doi: 10.1136/bjsm.2009.068759

Haaland, B., Steenstrup, S. E., Bere, T., Bahr, R., and Nordsletten, L. (2016).

Injury rate and injury patterns in FIS World Cup Alpine skiing (2006–2015):

have the new ski regulations made an impact? Br. J. Sports Med. 50, 32–36.

doi: 10.1136/bjsports-2015-095467

Hewett, T. E., Myer, G. D., Ford, K. R., Heidt, R. S. Jr, Colosimo, A. J., McLean,

S. G., et al. (2005). Biomechanical measures of neuromuscular control and

valgus loading of the knee predict anterior cruciate ligament injury risk

in female athletes: a prospective study. Am. J. Sports Med. 33, 492–501.

doi: 10.1177/0363546504269591

Hewett, T. E., Ford, K. R., Hoogenboom, B. J., and Myer, G. D. (2010).

Understanding and preventing acl injuries: current biomechanical and

epidemiologic considerations - update 2010. N. Am. J. Sports Phys. Ther.

5, 234–251.

Hildebrandt, C., Muller, L., Zisch, B., Huber, R., Fink, C., and Raschner,

C. (2015). Functional assessments for decision-making regarding return

to sports following ACL reconstruction. Part I: development of a new

test battery. Knee Surg. Sports Traumatol. Arthrosc. 23, 1273–1281.

doi: 10.1007/s00167-015-3560-5

Hintermeister, R. A., O’Connor, D. D., Dillman, C. J., Suplizio, C. L., Lange, G. W.,

and Steadman, J. R. (1995). Muscle activity in slalom and giant slalom skiing.

Med. Sci. Sports Exerc. 27, 315–322. doi: 10.1249/00005768-199503000-00005

Hunter, R. E. (1999). Skiing injuries. Am. J. Sports Med. 27, 381–389.

doi: 10.1177/03635465990270032101

Hydren, J. R., Volek, J. S., Maresh, C. M., Comstock, B. A., and Kraemer, W.

J. (2013). Review of strength and conditioning for alpine ski racing. Strength

Cond. J. 35, 10–28. doi: 10.1519/SSC.0b013e31828238be

Itoh, H., Kurosaka, M., Yoshiya, S., Ichihashi, N., and Mizuno, K. (1998).

Evaluation of functional deficits determined by four different hop

tests in patients with anterior cruciate ligament deficiency. Knee.

Surg. Sports Traumatol. Arthrosc. 6, 241–245. doi: 10.1007/s0016700

50106

Jlrgensen, U., Fredensborg, T., Haraszuk, J. P., and Crone, K. L. (1998). Reduction

of injuries in downhill skiing by use of an instructional ski-video: a prospective

randomised intervention study. Knee. Surg. Sports Traumatol. Arthrosc. 6,

194–200. doi: 10.1007/s001670050098

Lohmander, L. S., Ostenberg, A., Englund, M., and Roos, H. (2004). High

prevalence of knee osteoarthritis, pain, and functional limitations in female

soccer players twelve years after anterior cruciate ligament injury. Arthritis

Rheum. 50, 3145–3152. doi: 10.1002/art.20589

Mandelbaum, B. R., Silvers, H. J., Watanabe, D. S., Knarr, J. F., Thomas,

S. D., Griffin, L. Y., et al. (2005). Effectiveness of a neuromuscular and

proprioceptive training program in preventing anterior cruciate ligament

injuries in female athletes: 2-year follow-up. Am. J. Sports Med. 33, 1003–1010.

doi: 10.1177/0363546504272261

Myklebust, G., Engebretsen, L., Braekken, I. H., Skjolberg, A., Olsen, O. E., and

Bahr, R. (2003). Prevention of anterior cruciate ligament injuries in female team

handball players: a prospective intervention study over three seasons. Clin. J.

Sport Med. 13, 71–78. doi: 10.1097/00042752-200303000-00002

Frontiers in Sports and Active Living | www.frontiersin.org 6 March 2020 | Volume 2 | Article 1178

https://doi.org/10.1177/0363546511405147
https://doi.org/10.1136/bjsports-2011-090517
https://doi.org/10.1136/bjsports-2013-092206
https://doi.org/10.1177/0363546513479341
https://doi.org/10.1249/00005768-199512000-00013
https://doi.org/10.1177/036354659502300503
https://doi.org/10.1016/j.jsams.2006.02.009
https://doi.org/10.1136/bjsm.2010.081406
https://doi.org/10.1136/bjsm.2009.068759
https://doi.org/10.1136/bjsports-2015-095467
https://doi.org/10.1177/0363546504269591
https://doi.org/10.1007/s00167-015-3560-5
https://doi.org/10.1249/00005768-199503000-00005
https://doi.org/10.1177/03635465990270032101
https://doi.org/10.1519/SSC.0b013e31828238be
https://doi.org/10.1007/s001670050106
https://doi.org/10.1007/s001670050098
https://doi.org/10.1002/art.20589
https://doi.org/10.1177/0363546504272261
https://doi.org/10.1097/00042752-200303000-00002
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Westin et al. Prevention of Anterior Cruciate Ligament Injuries

Neumayr, G., Hoertnagl, H., Pfister, R., Koller, A., Eibl, G., and Raas,

E. (2003). Physical and physiological factors associated with success in

professional alpine skiing. Int. J. Sports Med. 24, 571–575. doi: 10.1055/s-2003-

43270

Nordenvall, R., Bahmanyar, S., Adami, J., Mattila, V. M., and Fellander-

Tsai, L. (2014). Cruciate ligament reconstruction and risk of knee

osteoarthritis: the association between cruciate ligament injury and

post-traumatic osteoarthritis. a population based nationwide study in

Sweden, 1987-2009. PLoS ONE. 9:e104681. doi: 10.1371/journal.pone.0

104681

Pujol, N., Blanchi, M. P., and Chambat, P. (2007). The incidence

of anterior cruciate ligament injuries among competitive Alpine

skiers: a 25-year investigation. Am. J. Sports Med. 35, 1070–1074.

doi: 10.1177/0363546507301083

Raschner, C., Platzer, H. P., Patterson, C., Werner, I., Huber, R., and Hildebrandt,

C. (2012). The relationship between ACL injuries and physical fitness in young

competitive ski racers: a 10-year longitudinal study. Br. J. Sports Med. 46,

1065–1071. doi: 10.1136/bjsports-2012-091050

Rothman, J. K. (2002). Epidemiology- An Introduction. New York, NY: Oxford.

Smith, H. C., Vacek, P., Johnson, R. J., Slauterbeck, J. R., Hashemi, J., Shultz, S.,

et al. (2012a). Risk factors for anterior cruciate ligament injury: a review of the

literature - part 1: neuromuscular and anatomic risk. Sports Health. 4, 69–78.

doi: 10.1177/1941738111428281

Smith, H. C., Vacek, P., Johnson, R. J., Slauterbeck, J. R., Hashemi, J.,

Shultz, S., et al. (2012b). Risk factors for anterior cruciate ligament injury:

a review of the literature-part 2: hormonal, genetic, cognitive function,

previous injury, and extrinsic risk factors. Sports Health. 4, 155–161.

doi: 10.1177/1941738111428282

Stenroos, A. J., and Handolin, L. E. (2014). Alpine skiing injuries in Finland - a

two-year retrospective study based on a questionnaire among Ski racers. BMC

Sports Sci. Med. Rehabil. 6:9. doi: 10.1186/2052-1847-6-9

van Mechelen, W., Hlobil, H., and Kemper, H. C. (1992). Incidence, severity,

aetiology and prevention of sports injuries. A review of concepts. Sports Med.

14, 82–99. doi: 10.2165/00007256-199214020-00002

Walden, M., Atroshi, I., Magnusson, H., Wagner, P., and Hagglund, M. (2012).

Prevention of acute knee injuries in adolescent female football players: cluster

randomised controlled trial. BMJ. 344:e3042. doi: 10.1136/bmj.e3042

Westin, M., Alricsson, M., and Werner, S. (2012). Injury profile of competitive

alpine skiers: a five-year cohort study. Knee. Surg. Sports Traumatol. Arthrosc.

20, 1175–1181. doi: 10.1007/s00167-012-1921-x

Westin, M., Harringe, M. L., Engstrom, B., Alricsson, M., and Werner, S.

(2018). Risk Factors for anterior cruciate ligament injury in competitive

adolescent alpine skiers. Orthop. J. Sports Med. 6:2325967118766830.

doi: 10.1177/2325967118766830

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Westin, Harringe, Engström, Alricsson and Werner. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Sports and Active Living | www.frontiersin.org 7 March 2020 | Volume 2 | Article 1179

https://doi.org/10.1055/s-2003-43270
https://doi.org/10.1371/journal.pone.0104681
https://doi.org/10.1177/0363546507301083
https://doi.org/10.1136/bjsports-2012-091050
https://doi.org/10.1177/1941738111428281
https://doi.org/10.1177/1941738111428282
https://doi.org/10.1186/2052-1847-6-9
https://doi.org/10.2165/00007256-199214020-00002
https://doi.org/10.1136/bmj.e3042
https://doi.org/10.1007/s00167-012-1921-x
https://doi.org/10.1177/2325967118766830
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


ORIGINAL RESEARCH
published: 27 March 2020

doi: 10.3389/fspor.2020.00025

Frontiers in Sports and Active Living | www.frontiersin.org 1 March 2020 | Volume 2 | Article 25

Edited by:

Kamiar Aminian,

Federal Institute of Technology in

Lausanne, Switzerland

Reviewed by:

John Komar,

Nanyang Technological

University, Singapore

Anna Lisa Mangia,

University of Bologna, Italy

*Correspondence:

Robert C. Reid

Robert.Reid@skiforbundet.no

Specialty section:

This article was submitted to

Sports Science, Technology and

Engineering,

a section of the journal

Frontiers in Sports and Active Living

Received: 11 October 2019

Accepted: 04 March 2020

Published: 27 March 2020

Citation:

Reid RC, Haugen P, Gilgien M,

Kipp RW and Smith GA (2020) Alpine

Ski Motion Characteristics in Slalom.

Front. Sports Act. Living 2:25.

doi: 10.3389/fspor.2020.00025

Alpine Ski Motion Characteristics in
Slalom
Robert C. Reid 1,2*, Per Haugen 1, Matthias Gilgien 1,2, Ronald W. Kipp 3 and

Gerald Allen Smith 1,4

1Department of Physical Performance, Norwegian School of Sport Sciences, Oslo, Norway, 2 Alpine Skiing, Norwegian Ski

Federation, Oslo, Norway, 3 Independent Researcher, Squaw Valley, CA, United States, 4Colorado Mesa University, Grand

Junction, CO, United States

Important insight into ski function, and ultimately skier technique and tactics, can be
gained by studying how measured ski trajectories compare to predictions based on
theoretical models of ski-snow interaction mechanics. The aim of this investigation was
to use a 3D kinematic data set collected on highly-skilled skiers during slalom race
simulations to quantify ski motion characteristics and to compare these measures with
theoretical predictions based primarily on ski geometrical characteristics. For slalom turns
on moderate steepness (19◦), ski edging angles reached maximum values of 65.7± 1.7◦

and 71.0 ± 1.9◦ for 10 and 13m gate spacings. Turn radii reached minimum values of
3.96 ± 0.23 and 4.94 ± 0.59m for the 10 and 13m courses. These values were in good
agreement with theoretical predictions by Howe (2001) of turn radius based on edging
angle. Other results of the study support recent developments in understanding of the
role which the ski shovel plays in groove formation during carving, and also point to
the need for further study of how ski geometrical and physical characteristics interact
to determine the ski’s trajectory, particularly at low edge angles. These results have
important implications for understanding the consequences that ski design can have
for skier technique and tactics in competitive slalom skiing.

Keywords: alpine skiing, alpine ski, ski characteristics, ski motion, ski-snow interaction, ski mechanics

INTRODUCTION

Turning technique is undoubtedly an important performance variable in alpine ski racing as
can readily be ascertained by the attention it receives from coaches and athletes as well as from
the sheer volume of scientific, professional, and lay publications addressing the topic. To turn,
a skier manipulates the orientation and loading pattern of skis to generate a reaction force
from the snow surface that allows redirection of trajectory and regulation of speed. Grasping
the mechanics of how the ski interacts with the snow surface thus lays the foundation for
understanding skier actions. Equally important, enhancing knowledge of ski-snow interaction
mechanics is essential for the development of appropriate competition equipment regulations
(Spörri et al., 2016a) to reduce the high injury rates seen in alpine ski racing (Florenes et al.,
2009, 2012; Haaland et al., 2015). Theoretical models of ski-snow interaction mechanics have
been described and tested using numerical simulations and physical models. However, there is
a lack of empirical evidence validating these models under competitive conditions. And while
several studies have investigated the effect of changes in ski geometry on injury risk, they
have considered the athlete as a point mass (Gilgien et al., 2013, 2015c), relating equipment
characteristics to gross biomechanical variables (i.e., speed, forces, trajectory) rather than the
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ski-snow interaction itself (Gilgien et al., 2016, 2018; Kröll
et al., 2016a,b). To further our understanding of how ski
characteristics influence the ski-snow interaction, the aim of this
investigation was to use a 3D kinematic data set collected on
highly-skilled skiers during slalom race simulations to quantify
ski motion characteristics and to compare these measures with
theoretical predictions.

LITERATURE REVIEW

Alpine Ski Characteristics
Alpine skis have geometrical and physical properties which
influence how they interact with the snow surface. They have
smooth, curved edge profiles referred to as sidecut, the amount
of which varies depending on the type of ski. Two parameters
are used to describe a ski’s sidecut: Side camber and sidecut
radius. Side camber (SC) is the distance between the ski at the
narrowest part (waist) and a straight line between the widest
points at the tail and shovel (Hirano and Tada, 1996; Kaps et al.,
2001; Lind and Sanders, 2004; Federolf et al., 2010b). The sidecut
radius (RSC) refers to the radius of a circle that intersects the
side of the ski at the shovel, waist, and tail points while the ski
is pressed flat on a planar surface (Kaps et al., 2001; Lind and
Sanders, 2004). Primarily a function of the ski’s width, thickness,
and the materials used in its construction, a ski’s flexural stiffness
varies along its length (Howe, 2001; Lind and Sanders, 2004;
Federolf et al., 2010b). The ski is in addition pre-stressed during
construction as its layers are glued together causing the unloaded
ski to take on a bent shape that is referred to as camber (Howe,
2001; Lind and Sanders, 2004; Federolf et al., 2010b). Together
with the flexural stiffness distribution, the ski’s camber affects the
distribution of pressure under the ski’s running surface when it
is loaded. Torsional stiffness refers to the ski’s ability to resist
deformation about its longitudinal axis (Howe, 2001; Lind and
Sanders, 2004) and, together with flexural stiffness, plays an
important role in determining how aggressively the ski tip and
tail interact with the snow when the ski is edged and loaded
(LeMaster, 1999; Zorko et al., 2015).

Ski Reference Systems
To understand a ski’s function, it is important to quantify its
motion and orientation relative to the snow surface. Toward
this end, Lieu (1982) and Lieu and Mote (1985) introduced a
reference system to quantify a ski’s orientation and the resulting
angles with the snow surface (Figure 1). Originating at the ski
center point, the EFG coordinate system defines the ski’s position
and orientation. E is oriented parallel to the ski’s longitudinal
axis, while F and G are directed lateral and normal to the ski sole
surface, respectively.

Two angles between the ski and the snow surface are of
particular importance to the ski’s function. θ is the “edge angle”
between the plane of the local snow surface and the running
surface of the ski and describes to what degree the ski is tilted
“on edge” relative to the local snow surface. The ski’s “attack
angle” (φ) is the angle between the ski’s longitudinal axis E and
the center point’s velocity vector V in a plane parallel to the
local snow surface. The attack angle describes to what degree the

ski’s longitudinal axis is oriented along it’s direction of motion,
an important factor influencing the nature of the ski-snow
interaction. While φ represents the whole ski angle of attack, the
local angle of attack at each position along the ski’s length varies
according to the ski’s geometrical properties, its deformed shape
under edging and loading, and its rotational and translational
motion relative to the snow surface (Hirano and Tada, 1996;
LeMaster, 1999; Tada and Hirano, 2002; Hirano, 2006; Spörri
et al., 2016b). There are typically larger local attack angles on
the ski forebody than on the ski afterbody, a fact that plays an
important role in the ski’s turning behavior.

Skidding and Carving
When describing a ski’s motion along the snow surface, two
processes are generally recognized. During carving, a point along
the ski’s edge follows in the path of proceeding ski segments
with minimal or no lateral displacement relative to the track
(Lieu, 1982; Lieu and Mote, 1985; Brown and Outwater, 1989;
Renshaw and Mote, 1989). In contrast, a ski that is sliding
sideways across the snow surface as it moves forward is said to
be skidding (LeMaster, 1999). A point on the ski’s edge that is
skidding does not follow in the path of proceeding points but
rather shears through new snow as it moves across the snow
surface (Lieu, 1982; Lieu and Mote, 1985; Brown and Outwater,
1989; Renshaw and Mote, 1989). In practitioner terms, an entire
ski is often described as either skidding or carving. However,
such a classification is an oversimplification as both carving and
skidding may occur at the same time along different segments of
the ski’s length.

Lieu (Lieu, 1982) and Lieu and Mote (1985) modeled
numerically the motion of skis through constant radius, constant
speed turns and studied the effect of decreasing the ski angle of
attack on ski motion. They found that at attack angles of ∼11
degrees and greater, all points along the ski’s length were in a skid
mode. As the angle of attack was lowered to below 9 degrees, Lieu
andMote found that carving initiated at the tail of the ski. Further
decreases in attack angle were associated with increased portions
of the ski afterbody transitioning to carving. However, even in
advanced carving stages, Lieu and Mote found that carving was
limited to the ski’s afterbody.

Carving and Groove Formation
Lieu and Mote’s (1985) findings are important in that they help
to explain the mechanics of how a carving ski forms the groove
in which the afterbody of the ski will ride. As the tip of an edged
and loaded ski passes over a point on the snow surface, the first
portion of the ski to contact the snow is often relatively soft
in torsion and flexion and not heavily loaded. Accordingly, this
portion of the ski may not penetrate the snow, but instead skid
across the surface, vibrating in both flexion and torsion. With
each passing point of the ski, stiffer portions of the forebody meet
the snow and eventually enough pressure develops to push the
ski into the snow surface. From this point on, the ski continues
to penetrate deeper into the snow with each subsequent passing
point, generating a groove (Tatsuno et al., 2009; Federolf et al.,
2010b; Heinrich et al., 2010). The rising pressure increases the
penetration depth and progressively compresses snow into the
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FIGURE 1 | The ski edge angle (θ ) and attack angle (φ) as defined by Lieu and Mote (1985). θ is the edge angle between the plane of the local snow surface and the
running surface of the ski. The ski’s angle of attack (φ) is the angle between the ski’s longitudinal axis (E) and the center point’s velocity vector (V) projected to a plane
parallel to the local snow surface. The left panel presents a skidding ski with a relatively large attack angle, scraping a wide track into the snow surface. For contrast,
the right panel presents a carving ski with a small angle of attack, leaving a narrow track in the snow.

groove sidewall, both of which improve the groove’s resistance
to shear in preparation for the high forces which will occur as the
boot passes (Mössner et al., 2006; Tatsuno et al., 2009). From the
point of maximal pressure, the remainder of the ski is relatively
unloaded in penetration and rides in the groove generated by
the passage of the forebody. Seen in this way, the ski forebody
does not ever carve—in a very strict sense of the word—since
points along the forebody edge will trace their own trajectory,
cutting new snow in the process, as has been predicted in both
the research literature (Lieu, 1982; Lieu and Mote, 1985; Sahashi
and Ichino, 1998; Casolo and Lorenzi, 2001) and practitioner
textbooks (Joubert, 1980).

Ski Trajectory
Early attempts to model the carving ski’s trajectory were based
solely on the geometrical properties of the ski and the resulting
shape of the deformed ski as it is edged and loaded onto the snow
surface. For rigid, planar snow surfaces, Howe (2001) proposed
Equation 1 that relates the deformed ski’s radius of curvature (RT)
to its edge angle (θ) and sidecut radius (RSC):

RT = RSC cos θ (1)

Increasing the degree to which the ski is deformed onto the
snow surface is expected to reduce RT , tightening the ski’s turn
trajectory. As Equation 1 suggests, one way of doing this is
to increase the edging angle. As the ski is turned more onto
edge, it will need to bend more to come into contact with the
snow surface resulting in greater deformation and a shorter
effective turn radius. This phenomenon has been demonstrated
in a number of studies (e.g., Heinririch et al., 2006; Federolf et al.,
2010a; Mossner et al., 2010). Along similar lines, increasing the
ski’s sidecut has also been found to amplify the ski’s bending
deformation, resulting in a decreased RT (Hirano and Tada,
1996).

Despite this empirical evidence, Equation 1 is an
oversimplification in several important ways. First, while

the snow surface may at times be very hard, it is in reality
never perfectly rigid. As previously described, skis penetrate
into the snow surface, the depth of which is dependent upon
the loading force, the snow’s resistance to penetration, and the
edging angle (Lieu and Mote, 1985; Brown and Outwater, 1989;
Tada and Hirano, 2002; Federolf, 2005). This increases the ski’s
deformation and should therefore reduce RT to a value lower
than that estimated by Equation 1 (Howe, 2001; Kaps et al.,
2001). This lead Howe to propose Equation 2 to account for
non-rigid snow surfaces where C is the contact length, SC is the
side camber, and DP is the penetration depth:

RT =
C2

8
[

(SC/ cos θ) + DP sin θ
] (2)

A second limitation of both Equations 1 and 2 is that they are
based on the assumption that the entire length of the ski edge
is in contact with the snow and carving. In reality however,
certain portions of the ski will often alternate between carving
and skidding modes depending on the balance between the local
running surface pressure, the local edge angle and the local snow’s
shear strength.

Several researchers have recently reported experimental
evidence indicating that carving skis do not follow exactly in
the trajectory defined by the shape of the deflected edge on the
snow surface, as both Equations 1 and 2 assume. In a study of
elite skiers in giant slalom, Wimmer (2001) found only modest
correlations (r = 0.39–0.57) between ski turn radius, as derived
from reconstructed ski trajectories, and that calculated using
Equation 1. He reported particularly large differences between
reconstructed and predicted turn radii around turn transitions
where the actual ski turn radius approached large values and the
calculated turn radius approached a limit of RSC.

Kagawa et al. (2009), Tatsuno et al. (2009), and Yoneyama
et al. (2008) measured ski deformations in carved turns using
instrumented skis. Although they did not measure the ski’s
trajectory, they estimated that the actual ski turn radius was
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approximately twice that of the radius defined by the deformed
ski edge. This they related to the mechanics of groove formation
during carving and the idea that the ski forebody does not carve
as it plows through the snow, establishing a groove.

Federolf (2005) and Federolf et al. (2010b) geodetically
surveyed the track left in the snow by a carving ski in a
giant slalom turn and compared the ski’s actual turn radius to
predictions using Howe’s (2001) equation that accounts for snow
penetration (Equation 2). He found that predicted turn radii
based on the expected shape of the deformed ski underestimated
actual measures and showed how the forebody of the ski will
be deformed to a greater extent than can be accounted for in a
carving ski’s trajectory, particularly at higher edge angles. Using a
Finite Element simulation of a carving ski that incorporated the
mechanics of groove formation, Federolf et al. (2010a) found that
Howe’s equation agreed well with simulation results for low edge
angles (<40 degrees) but that at high edge angles Howe’s equation
underestimated the ski’s simulated turn radius.

That the carving ski’s trajectory does not necessarily
correspond to its deformed shape on the snow surface challenges
our understanding—as both researchers and practitioners—of
how the ski interacts with the snow surface. The purpose of this
investigation was therefore to determine how well ski motion
characteristics, which were measured in a previous kinematic
study of skier technique, correspond to predictions of ski motion
based on our theoretical understanding of ski snow interaction
mechanics. In particular, our aims were to (1) examine how well-
measures of local ski attack angles corresponded to Lieu and
Mote’s (Lieu, 1982; Lieu and Mote, 1985) prediction that carving
is limited to the aft portion of the ski and (2) determine how well
Howe’s (2001) equation for turn radius based on ski geometry and
edge angle (Equation 1) predicts actual ski trajectory measures.

METHODS

Six male members of the Norwegian national team (aged 17–
20) volunteered to participate in a kinematic study of skier
technique in April, 2006 (Reid et al., 2009; Reid, 2010; Federolf
et al., 2012). This study was conducted in accordance with the
Declaration of Helsinki and Norwegian law and was approved by
the Norwegian Center for Research Data. All subjects gave their
written informed consent prior to participation.

Skier kinematics were captured over two complete turns
during slalom race simulations using a DLT-based method and
four panning cameras (50Hz) (Reid et al., 2009; Reid, 2010;
Federolf et al., 2012). Skiers completed three runs on each
of two courses set rhythmically with 10 and 13m linear gate
distances on even, moderately steep terrain (19◦ slope) and hard,
compact snow conditions. The fastest run from each course
was selected for further analysis giving a total of 24 analyzed
turns for this investigation, 12 on each course. Two hundred
and eight control points were positioned so as to surround
the two turns of interest, creating a calibration volume of ∼50
× 10 × 2m (Figure 2). The control points, gates, and snow
surface were geodetically surveyed using a theodolite. Camera
images were individually calibrated using an average of 29

FIGURE 2 | A graphical reconstruction of the experimental set-up. Control
point positions are indicated by the small points and poles. Note that camera 4
was actually placed 30m further to the right as seen from this perspective.

control points per frame and were synchronized after recording
using an adaptation of the software genlock method (Pourcelot
et al., 2000) that accommodates panning cameras. The ski tip
(TIP), tail (TAIL), and ankle joint center (AJC) were manually
digitized and reconstructed position data were filtered using a
zero-lag, 2nd order, low-pass Butterworth filter and 20 padding
points. The Challis residual autocorrelation algorithm (Challis,
1999) was used to individually determine the appropriate cut-off
frequencies for each point (TIP, 9Hz; TAIL, 8Hz; AJC, 9 Hz).

One limitation of this approach is the error associated with
manual digitization. Several measures were therefore taken
to minimize digitization error including an extensive training
program with feedback; the use of photographs of equipment
to assist point identification; and the identification of outliers in
the data set for double-checking and correction. Measurement
accuracy was assessed using control points positioned on the
snow surface close to the skier’s trajectory but which were
removed from the calibration sequence for the purpose of
accuracy assessment. A total of 980 so-called “non-control point”
reconstructions were assessed across all 12 of the analyzed trials.
Non-control point root mean squared error (RMSE) was 4, 5,
and 2mm in the X, Y, and Z dimensions, respectively. Pooled
standard deviations of segment lengths were used to assess
digitizer reliability. Over the 12 analyzed trials, the skis were
reconstructed 2,170 times with a pooled standard deviation for
the ski running surface length of 11 mm.

The TIP, TAIL, and AJC position data were fit with a 15
segment model of a 14m sidecut radius ski. To accomplish this, a
third point on the ski sole (MID) was defined as the point between
16 and 19 cm below AJC in the direction perpendicular to the
TIP–TAIL vector, assuming that the ski sole to foot sole distance
was close to the maximum allowable in competition (10 cm in
2006) and that the foot sole to AJC distance was between 6 and
9 cm (Figure 3). The actual distance was chosen for each athlete
individually so as to obtain 0mm ski flexural deformation at turn
transitions. Subsequent to determiningMID, the ski midline was
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FIGURE 3 | The 15 segment ski model fitted to TIP, TAIL, and AJC. MID was defined as the point along the ski sole 16–19 cm below AJC, in the direction
perpendicular to the TIP-TAIL vector.

then approximated by fitting TIP, MID, and TAIL with a cubic
spline function, constructing points at 15 evenly spaced intervals.
Positions along the ski’s edges were then approximated using the
average sidecut profile of 11 slalom skis. The reconstructed ski
running surface length had a pooled standard deviation of 11mm
(n= 2,170 measurements taken over 12 trials).

In order to calculate ski motion characteristics, a smooth
snow surface model with continuous first- and second-order
derivatives was generated based on the Delaunay triangulation
of the geodetically captured snow points (Gilgien et al., 2015a,b).
The ski edge angle (θ) was defined in accordance with Lieu
(1982) as the angle between the plane of the local snow surface
and the running surface of the ski. θ is however probably most
appropriately described as a rough estimate of the ski edge angle.
The actual edge angle can be expected to differ somewhat from
this estimate depending on the individual’s binding and boot set-
up (Müller et al., 1998). In addition, the edge angle is likely to vary
along the ski’s length due to ski flexion and torsion deformations
whose measurement was beyond the resolution of the method
employed in this investigation. Complicating matters further is
the fact that the exact nature of the local snow surface was not
precisely known and can be expected to progressively change
with each passing skier as the snow is scraped and deformed.

The ski attack angle (φ), defined as the angle between the
ski’s longitudinal axis and the center point’s velocity vector (Lieu,
1982), was quantified to describe the degree of skidding and
carving. Local ski attack angles φE for points along the outside
ski’s interacting edge were calculated in a similar manner for
comparison with Lieu andMote’s predictions of ski motion (Lieu,
1982; Lieu and Mote, 1985).

The radius of curvature of the ski center point’s trajectory
(RSKI) at time point index i, parallel to the least squares plane of
the snow surface, was calculated by determining the radius of the
circle fitting the center point’s positions at time point index i, i−3,
and i+ 3. As the actual penetration depth was not measured, the
simpler Howe (2001) equation (Equation 1) was used to predict
turn radius (RHOWE) based on the ski’s sidecut radius and the
measured edge angle. These theoretical turn radii were compared
with those directly measured during slalom turns on each course.

RESULTS

Figure 4 shows the outside ski attack angle, edge angle, and turn
radius for sample turns on the 10 and 13m courses. At the
start of the turn cycle, the new outside ski was already slightly
edged to on average 5.1 ± 4.6 and 4.5 ± 5.1 degrees on the 10
and 13m courses, respectively. On the 10m course, edge angle
progressively increased through the first half of the turn, reaching
an average maximum angle of 65.7 ± 1.7 degrees just after gate
passage. On the 13m course, there was an initial rapid rise in edge
angle followed by a period of more gradual increase, reaching
maximum angles of 70.2 ± 1.3 degrees at approximately gate
passage. Edge angle then declined rapidly during turn completion
for both gate distances.

The outside ski had on average a positive attack angle of 3.1
± 2.4 and 0.5 ± 2.4 degrees at the transition between turns
on the 10 and 13m courses, respectively, indicating that the

skis were already being oriented for the upcoming turn during
the completion of the previous turn. Attack angles rose rapidly

during turn initiation, reaching average maximums of 15.1± 5.3

and 12.1 ± 4.9 degrees early in the turn for the 10 and 13m
courses, respectively. During the first half of the turn cycle, attack
angles were greater on the 10m course, in particular from 10 to
45 % of the turn cycle, indicating that there was a greater degree
of skidding used on the 10m course, on average. There was,
however, a substantial amount of individual variation on both
courses during this part of the turn with some turns being carved
and some skidded. The outside ski then shifted to carving by
about gate passage with all turns on both courses being completed
at attack angles below 4 degrees.

To allow comparison with Lieu and Mote’s predictions (Lieu,

1982; Lieu and Mote, 1985), Figure 5 presents the local ski attack

angle (φE) data averaged according to position along the ski’s
longitudinal axis and whole ski attack angle (φ) for the steering
phase of the turn cycle. To help visualize the meaning of the
local attack angle data, sample graphics were generated showing
ski edge point trajectories during the transition from skidding
to carving. The dashed and solid lines indicate ski forebody and
rearbody point trajectories, respectively.
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FIGURE 4 | Measured outside ski attack angle (A), edge angle (B), and turn
radius (C) for sample turns from the 10 and 13m courses in gray and black,
respectively. Due to the different course setting, the data from the two courses
are coordinated using the gate as a common point, and presenting the X axis
as distance to gate. Gate passage is indicated by the vertical dashed line. It is
relevant to note that turns on the 13 m course start much higher up on the
slope relative to the gate than on the 10m course.

Minimum outside ski turn radius measurements were slightly
longer on the 13m course (4.94 ± 0.59m) than on the 10m
course (3.96 ± 0.23m) despite the higher maximum edge angles

observed on the 13m course. In contrast to the 10m course,
large fluctuations in RSKI were observed during the early to
mid-portion of the turn on the 13m course, as exemplified in
Figure 4C. Figure 6 compares the measured turn radius (RSKI)
to that predicted using Howe’s (2001) equation (RHOWE) for
time points where the ski was considered to be carving, defined
as φ < 5 degrees. RMSE between the measured (RSKI) and
predicted (RHOWE) turn radii was 27.2 and 44.5m for the 10
and 13m courses, respectively. However, prediction error was
much higher for edge angles below 45 degrees (42.0 and 71.5m
RMSE for the 10 and 13m courses, respectively) than for edge
angles above 45 degrees (2.5 and 6.4m RMSE for the 10 and 13m
courses, respectively).

DISCUSSION

Skidding and Carving
There was a slightly greater degree of skidding on the 10m
course, primarily in the first portion of the turn. However, with
average maximum attack angles of 15 and 12 degrees seen on the
10 and 13m courses, respectively, the skidding in this study is
perhaps best described as moderate compared to what can often
be observed in typical competition conditions. That skiers used
some skidding in this investigation is not surprising considering
that the experimental set-up was on moderately steep terrain
where skidding can be used to regulate speed.

In the comparison with Lieu and Mote’s predictions (Lieu,
1982; Lieu and Mote, 1985) (Figure 5), some variability in local
ski attack angle patterns was evident, likely due to variation
in the mechanical and geometrical properties of the skis used
by the athletes as well as irregularities in the ski’s motion. In
general, however, local attack angles were high along the entire
ski when whole ski attack angles were greater than about 15
degrees, indicating that skidding processes dominated. Below this
level, local attack angles in the aft-most ski segments reduced
while those of the forebody segments remained elevated. Local
attack angles of the aft-most segments reached 2 to 5 degrees
as whole ski attack angles approached 8 degrees, indicating that
these points began carving, in good accordance with Lieu and
Mote’s results. Further decreases in the whole ski attack angle
were associated with increasing numbers of tail segments carving,
along with the reduction of forebody segment attack angles. The
ski reached an advanced carving stage at whole ski attack angles
of ∼3 degrees, although local forebody segment attack angles
remained slightly elevated, indicating that this part of the ski was
still machining new snow, also in good accordance with Lieu and
Mote’s work as well as Tatsuno’s (2009), Federolf ’s (2005), and
Federolf et al. (2010b) descriptions of ski shovel function.

Ski Trajectory
The outside ski experienced high intensity turning over the
majority of the turn cycle, in some instances starting prior to
the transition between turns. For portions of the turn cycle
where the ski was carving and the edge angle was relatively
high (θ > 45 degrees, see Figure 6), Howe’s equation (Equation
1) performed surprisingly well in predicting the actual ski
turn radius, considering the simplicity of the equation and
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FIGURE 5 | Mean local ski attack angle averaged across whole ski attack angle (left panel). An example ski making the transition from skidding to carving through a
turn is shown in the right panels.

the complex interaction of variables influencing the ski-snow
interaction. This relatively strong association between Howe’s
model and measured data seems to indicate how important ski
geometric properties—in particular the sidecut radius—are in
determining a ski’s behavior on snow during carved turns at
high edge angles. At low edge angles, however, Howe’s equation
greatly underestimated the actual turn radius. This contrasts
with earlier studies (Federolf, 2005; Federolf et al., 2010a,b)
where it was found that Howe’s equations performed better at
low edge angles and systematically underestimated the actual
turn radius at edge angles higher than ∼45 degrees. In the
current investigation, it was not until edge angles reached over
70 degrees that RHOWE appeared to underestimate RSKI (on
the 13m course). One possibility for this contrast in results
may be that the current investigation was conducted on a
relatively hard snow surface where penetration depths were
limited such that the ski’s deformation more closely matched
the shape of the groove being generated in the snow and the
ski’s trajectory.

There were, nevertheless, two situations in which Howe’s
Equation 1 failed to capture the ski’s trajectory. First, RSKI and
RHOWE differed substantially during the transition between turns
where RSKI approached infinity and RHOWE approached a limit
of RSC, similar to Wimmer’s (2001) findings. That the ski can
carve at turn radii much longer than that predicted by Equation
1 for low edge angles may be explained to a certain extent by the
ski’s physical properties. Torsional stiffness plays an important
role as the ski shovel and tail twist under the moments generated
during their interaction with the snow. If the resulting torsional

deformations are large enough to reduce the ski’s local edge
angle below a certain threshold, that portion of the ski will
disengage from the snow and begin to skid or lose contact with
the snow entirely. LeMaster (1999) explained that at low edge
angles this phenomenonmay reduce the engaged, carving section
of the ski to the middle portion that has less sidecut, in effect
decreasing the ski’s turn radius. If this holds true, then the ski’s
physical properties, including its flexural and torsional stiffness
distributions, are important parameters which affect the carving
ski’s trajectory at low edge angles.

Howe’s Equation 1 also did not capture well the large,
intermittent fluctuations in RSKI that were apparent, particularly
on the 13m course (Figure 7). That these disturbances in ski
trajectory did not occur to the same degree on the 10m course
seems counter-intuitive knowing that there was a greater degree
of skidding on the 10m course and suggests that somehow the
mechanism may be associated with carving mechanics. This
result is perhaps particularly striking considering that other
researchers have also observed possibly related phenomena when
studying carved turns. Of particular note, Federolf (2005) and
Federolf et al. (2010b) observed times where the outside ski
reduced turning in the first portion of the turn in his kinematic
analysis of carving ski trajectories in giant slalom which they
attributed to lateral drifting. In their comparison of an athlete
skiing on carving and conventional equipment, Raschner and
colleagues (Raschner et al., 2001; Müller and Schwameder, 2003)
reported irregular force-time curves when skiing on the carving
equipment, an unexpected finding that they also attributed to
repeated lateral skidding.
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FIGURE 6 | Instantaneous measured outside ski turn radius (RT, data points)
and predicted outside ski turn radius using Equation 1 (RHOWE, data line) for
the 12 analyzed trials on the 10m (A) and 13m (B) courses. Data are limited
to time points where the ski was carving (φ < 5◦, n = 185 and 298 for the 10
and 13m courses, respectively).

One obvious explanation for these occurrences could simply
be that irregularities in the snow surface interfered with the ski’s
trajectory and resulted in drifting or skidding. This possibility
cannot be ruled out in the current investigation. However, there
are alternative explanations which we believe are more likely. The
fact that these disturbances occurred to a greater extent on the
13m course suggests that differences in carving and skidding ski-
snow interaction mechanics may help explain their occurrence.
One such important difference is the process of groove formation.
When carving, the ski will be tilted slightly in the snow so that
the foremost points on the ski are disengaged from the surface
(Lieu and Mote, 1985). The relatively soft tip is then free to
vibrate back and forth in flexion and torsion as the shovel digs
the groove in which the remainder of the ski will follow. It may
be that at times when the tip sways toward the outside of the
turn, it catches and engages in the snow surface, consequently
redirecting groove formation toward the outside of the turn
and away from the skier. There is some observational evidence

FIGURE 7 | Measured (RSKI, dark lines) and predicted (RHOWE , gray lines)
outside ski turn radius for sample turns on the 10m (A) and 13m (B) courses.
Due to the different course setting, the data from the two courses are
coordinated using the gate as a common point, and presenting the X axis as
distance to gate. The vertical dashed line indicates gate passage.

that this may be the case. An example of this phenomenon is
shown in Figure 8 which shows a photo sequence generated
from high-speed video taken during a women’s World Cup giant
slalom. This mechanism by which the ski may unexpectedly take
a trajectory away from the skier could, in the most extreme cases,
lead to potentially injurious situations such as the “slip-catch” and
“dynamic snowplow”mechanisms described by Bere et al. (2011).

That all of the 12 analyzed turns on the 13m course showed
some form of disturbance just prior to gate passage suggests
another, perhaps related mechanism. During the first half of
the turn, outside ski trajectories on the 13m course were much
higher on the slope, relative to the approaching gate, than on the
10m course. Moreover, skis were edged and turning much higher
on the slope on the 13m course (see Figure 4) while after gate
passage the trajectories from both courses were similar. It may be
that on the 13m course, skis turned too much, too high on the
slope relative to the approaching gate, and that the disturbances
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FIGURE 8 | High-speed video footage of a carving ski undergoing a
disturbance possibly similar to that observed in the current investigation. This
video, taken during the women’s World Cup giant slalom at Åre in March,
2006, was filmed at 1,500 fps. To help the reader visualize the outside ski’s
motion, the solid, black line indicates the original ski orientation from Frame (A)

while the dashed, white line indicates the changing ski’s orientation. From
Frame (A–C), the ski shovel sways toward the outside of the turn. The shovel
reaches and engages the snow surface in Frame (C). Groove formation is then
redirected onto a new trajectory in Frames (D, E) with the increased distance
between the skier’s feet indicating that the outside and inside skis have come
onto diverging trajectories.

measured in ski turn radius were actually the result of having to
reorient the ski onto a new trajectory to avoid skiing on the wrong
side of the gate.

That the ski seems to be re-oriented suddenly, as opposed
to gradually corrected over the entire first half of the turn, may
indicate that the skier’s control over the degree to which a carving
ski turns for a given edge angle is more limited than traditionally
thought. Taking this line of reasoning further, an explanation
for why these disturbances did not occur on the 10m course
to the same extent as on the 13m course may be that the ski’s

trajectory on the 10m course more closely matched its physical
and geometrical characteristics so that the skiers did not have to
correct its trajectory during the turn.

CONCLUSIONS AND FURTHER
PERSPECTIVES

In summary, this study has captured ski motion characteristics
during slalom race simulations and compared these measures
with theoretical predictions of ski motion. During the transition
from skidding, the tail of the ski initiated carving as the ski
attack angle reduced below 8 degrees, in good accordance with
Lieu and Mote’s results (Lieu, 1982; Lieu and Mote, 1985).
The ski reached an advanced carving stage at whole ski attack
angles of ∼3 degrees, although local attack angles along the ski
forebody remained slightly elevated, also in good accordance
with theoretical models of ski shovel function during carving
(Lieu, 1982; Lieu and Mote, 1985; Yoneyama et al., 2008; Tatsuno
et al., 2009; Federolf et al., 2010b).

Important insight into ski function can be gained by studying
how measured ski trajectories compare to prediction models that
are based on the shape of the deformed ski, such asHowe’smodels
(Howe, 2001). In this investigation, Howe’s equation (Equation
1) performed surprisingly well for edge angles above∼45 degrees
indicating that ski geometry, in particular sidecut radius, is an
important variable determining the ski’s trajectory at high edge
angles. On a practical level, these results suggest that the skier’s
trajectory will largely be determined by the ski sidecut radius in
a carved turn at high edge angles. This understanding may have
consequences for equipment design and course setting both with
respect to performance and safety (Kröll et al., 2016a,b).

The results from this study were more complicated for lower
edge angles, however. Howe’s Equation 1 prediction accuracy
progressively degraded with decreasing edge angles, which is in
good agreement with some previous work (Wimmer, 2001) but
in contrast with others (Federolf et al., 2010a). This suggests
that variables other than sidecut radius alone influence the
ski’s trajectory at low edge angles, such as other ski physical
properties or skier technique. Therefore, future investigations
should consider how ski geometry, in combination with flexural
and torsional stiffness distributions, determine the carving ski’s
trajectory on different types of snow conditions. This study
has focused on carved turns. However, understanding how
equipment characteristics influence skidded turns is equally
important. Following this line of research to better understand
how ski characteristics influence the ski-snow interaction can
support the ski industry in developing equipment for improved
performance, enjoyment and safety.
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This study focused on resolving the differences in economy between two common

sit-skiing postures used by disabled athletes, suspected to be the most and least

effective. Ten experienced non-disabled male cross-country skiers went through an

incremental testing protocol with an ergometer simulating double poling in two sitting

postures “kneeing” and “knee-high.” The protocol consisted of 3 × 4min steady-state

stages (13, 22, and 34% of maximal sprint power output). Subjects’ respiratory gases

and heart rate were measured and blood lactate concentrations were determined.

In addition, pulling forces and motion capture recordings were collected. Oxygen

consumption was 15.5% (p < 0.01) higher with “knee-high” compared to “kneeing”

at stage three. At stage three cycle rate was 13.8% higher (p < 0.01) and impulse

of force 13.0% (p < 0.05) and hip range of motion 46.6% lower (p < 0.01) with

“knee-high” compared to “kneeing.” “Kneeing” was found to be considerably more

economical than “knee-high” especially at 34% of maximum sprint power output. This

might have been due to higher cycle rate, lower impulse of force and smaller hip range

of motion with “knee-high” compared to “kneeing.” This indicates that sit-skiers should

adopt, if possible, posture more resembling the “kneeing” than the “knee-high” posture.

Combining such physiological and biomechanical measurements and to further develop

them to integrated miniature wearable sensors could offer new possibilities for training

and testing both in the laboratory and in the field conditions.

Keywords: paralympics, classification, competition, oxygen consumption, trunk movement

INTRODUCTION

Cross-country skiing is one of the six sports in the winter Paralympic Games (International
Paralympic Committee, 2020d) and sit-skiers form one of the three major sport classes in cross-
country skiing (International Paralympic Committee, 2020b). In a sit-skiing event, each athlete
sits on a sledge mounted on top of a pair of traditional cross-country skis and creates forward
propulsion using the double poling (DP) technique (Gastaldi et al., 2012). DP in general refers to a
skiing technique in which both poles are planted to the ground simultaneously and trunk flexion is
synchronized with shoulder and elbow extension to create propulsive force (Smith et al., 1996). Due
to the important role of the legs in DP of able-bodied skiers (Holmberg et al., 2005, 2006), the DP
of sit-skiers is obviously different. For example, sit-skiers begin the poling phase with their hands
above the level of their head (Gastaldi et al., 2012; Bernardi et al., 2013). Able-bodied skiers can
utilize their full body mass to produce impulse to the poles (Holmberg et al., 2005), while disabled
skiers are not able to do so.
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To make sure that athletes can compete equitably with
each other in sit-skiing they are classified based on their
physical impairment and functional capability (International
Paralympic Committee, 2020c). Locomotor Winter (LW) is a
para-Alpine and para-Nordic sit-skiing classification defined by
the International Paralympic Committee. Sit-skiers are allocated
to five different classes: LW10, LW10.5, LW11, LW11.5, LW12.
Class LW10 athletes have impairment affecting both their trunk
and lower limbs. These athletes, while properly strapped over the
legs to the test table, are unable to maintain a sitting position
with their abdominal muscles or trunk extensors working
against gravity without arm support. Class LW12 athletes’
impairments are limited to their lower limbs (International
Paralympic Committee, 2020c). Classes LW10–12 compete in
the same category and a specific percentage-system is utilized to
make competition equitable, which means that the competitor’s
actual finishing time is multiplied by the specific percentage to
calculate their adjusted finishing time (International Paralympic
Committee, 2020b). The current percentages for LW10–LW12
classes are 86, 90, 94, 97, and 100%, respectively (International
Paralympic Committee, 2020a). These percentages have been
determined based on the World Cup competition results from
previous years.

In Paralympic sit-skiing, two common sitting postures are
observable primarily based on the level of impairment of the
athletes. The rules do not designate athletes in a certain class
to use a certain posture but the athletes try to obtain the
position that would be most optimal with them. To achieve a
stable sitting posture, athletes with high impairment (LW10 and
LW10.5) use a posture where the knees are higher than the
pelvis (“knee-high”) (see Figure 1). The other posture, “kneeing,”
enables a more extensive hip range of motion (ROM) compared
to the “knee-high” posture and is preferred by athletes with
full trunk function. Gastaldi et al. (2012) showed that a skier
using the “kneeing” posture has considerably more extensive
trunk movement compared to a skier sitting in the “knee-
high” posture. This is supported by our recent findings with
able-bodied athletes that not only is the hip ROM smaller but
also less power and lower maximal velocity can be obtained
with the “knee-high” posture as compared to the “kneeing”
posture (Rapp et al., 2013).

The importance of skiing economy for performance has been
demonstrated in several studies in able-bodied athletes (Mahood
et al., 2001; Mikkola et al., 2010; Ainegren et al., 2013). Mahood
et al. (2001) observed a strong correlation between skiing
performance and skiing economy. More recently, Ainegren et al.
(2013) demonstrated that elite cross-country skiers had better
skiing economy than recreational skiers and senior elite skiers
were more economical compared to elite juniors. It has also been
noted that there is a negative relationships between the velocity
in a simulated sprint competition and oxygen consumption and
blood lactate concentration in a 2 km constant velocity DP test
(Mikkola et al., 2010).

Paralympic athletes differ based on their impairment level,
functional capacity, and technique (International Paralympic
Committee, 2020c). The classification process, however, may
not take into account the additional disadvantage that some

skiers face due to their sitting postures. To ensure that sit-
skiers with various levels of impairments and different sitting
postures can compete equally, it is essential to understand how
sitting posture affects sit-skiing economy. In order to solely
determine the difference in economy between different postures
one posture should not be more favorable for some subjects
than for the others. Disabled skiers have a wide variability
in level of impairment and they become accustomed to one
posture during their training. These issues could affect scientific
evaluation of the two postures. Therefore, the aim of this study
was to examine the differences in respiratory gases, blood lactate,
force production and joint kinematics in non-disabled athletes
between two common sit-skiing postures (“kneeing” and “knee-
high”) observable in Paralympic sit-skiing competitions. This
information could help coaches improve sitting postures for their
athletes and possibly provide more scientific knowledge from
which to base the classification system. It was hypothesized that
due to larger trunk range of motion the “kneeing” position would
be more effective and economical than “knee-high” position.

METHODS

Experimental Approach to the Problem
An experimental study was designed to examine the effect
of sitting posture on sit-skiing economy and associated
biomechanical factors. The testing protocol consisted of 3 ×

4min incremental stages with both postures on a ski ergometer
(Concept2, Morrisville, Vermont, USA) simulating DP. The
resistance of the ergometer was set at six (scale 1–10) throughout
the present study. To eliminate the effect of order, each stage
was performed in both postures in a randomized fashion before
proceeding to the next stage and the starting posture was
randomized. Recovery periods between the stages were 2min.
Before the incremental protocol subjects warmed up for 5min
during which they carried out two short (5–10 s), near maximal
sprints. After warm-up, subjects completed one maximal sprint
(10–15 s) in the “kneeing” position in which the athletes were
expected to achieve the highest maximal power output, which
was then recorded. In order to compare the same absolute
working loads powers outputs corresponding to 13, 22, and 34%
of this maximum value were the stages used in the incremental
protocol with “kneeing” and “knee-high” sitting positions. These
two extreme positions were chosen based on our previous study
where we examined four different sitting positions and observed
the greatest differences in maximal velocity in these two positions
(Rapp et al., 2013). During the stages, subjects were instructed
to maintain the correct power output as accurately as possible.
The current power output was displayed in real-time on the
ergometer, which the authors carefullymonitored and gave verbal
feedback when necessary to maintain the target intensity.

Subjects
Ten healthy male cross-country skiers (Age 22 ± 5 yrs., height
177 ± 6 cm, weight 71 ± 5 kg, reported VO2max 73 ± 5
ml•min−1•kg−1) volunteered to participate in the study. All
participants had competed in cross-country skiing at the Finnish
national level for at least 5 years. Before the start of the study,
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FIGURE 1 | Illustration of the experimental setup during the (A) “kneeing” posture and (B) “knee-high” posture.

athletes were informed about the design of the study, with a
special emphasis on possible risks and benefits, and they signed
an informed consent document. In the case of one subject
who was under 18 years old at the time of the study, parental
consent was received. The study was performed according to
the Declaration of Helsinki, and the Ethical Committee of the
University of Jyväskylä approved the study.

Procedures
A portable telemetry-based ergospirometer Cortex MetaMax 3B
(Cortex Biophysik, Leipzig, Germany) was used for all respiratory
gas measurements. This apparatus was connected (wirelessly)
to MetaSoft 3.2 software on a computer. The variables of
interest were oxygen consumption (VO2) relative to body weight,
ventilation (VE) and respiratory exchange ratio (RER). Heart
rate (HR) was measured using Polar Wearlink (Polar Electro
Oy, Kempele, Finland) heart rate belt, which was also wirelessly
connected to MetaSoft 3.2 software. Heart rate and respiratory
variables were determined as average steady-state values during
the last minute of each stage. Blood samples from the fingertip
were taken within the first minute after each stage. From these
samples blood lactate concentrations were determined using
Lactate Pro (Carlton, Australia) portable blood lactate analyzer.

Pulling forces were measured using force –sensors (University
of Jyväskylä, Finland), whichwere placed between the ergometer’s
handles and their strings. For kinematic analysis, six infrared
cameras (Vicon Motion Systems Ltd., Oxford, UK) were used.
In order to perform these recordings, small reflective markers
were attached to the standardized positions in the subjects’ knee,
hip, shoulder, elbow, and wrist on the right side of the body.
Illustrative examples of the experimental setup and the two

sitting postures are shown in Figures 1A,B. Recordings of these
biomechanical measurements were done synchronously during
the second to last 30-s period of each stage using Vicon Nexus
1.8.3 software (Vicon Motion Systems Ltd., Oxford, UK). This
software was also used to prepare the biomechanical data, which
was ultimately analyzed with Ike Master 1.38 software (IKE
Software Solutions, Salzburg, Austria). Biomechanical variables
of interest were cycle rate, relative poling time, impulse of poling
force and range of motion (ROM) of elbow, shoulder and hip
joints. ROMs were analyzed in three dimensional space during
poling phase (from the beginning till the end of the force
production) as follows: Elbow ROM as a change in angle formed
by lines between shoulder and elbow markers and elbow and
wrist markers, shoulder ROM as a change in angle formed by
lines between shoulder and elbow markers and shoulder and
hip markers, and finally hip ROM as a change in angle formed
by lines between shoulder and hip markers and hip and knee
markers. All the biomechanical variables were analyzed as an
average of nine consecutive cycles from the right side of the body.

Statistical Analyses
The data was analyzed using SPSS software version 16.0 (SPSS
Inc., Chicago, IL, USA). The results are expressed as mean
± SD. Sixty three of the total 66 variables were normally
distributed and the normal Gaussian distribution of the data
was verified by the Shapiro - Wilks test. A two-way, Posture
(Bernardi et al., 2013) × Stage (Gastaldi et al., 2012), repeated
measures ANOVA was performed to analyze the differences in
the physiological and biomechanical variables between the two
postures during the three stages. Furthermore, paired samples
T-tests were run between the two postures on every stage
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FIGURE 2 | Differences in: (A) oxygen uptake, (B) ventilation, (C) blood lactate concentration, and (D) heart rate between “kneeing” (white columns) and “knee-high”

(black columns) postures during stages one, two and three (13, 22 and 34 percent of maximum sprint power output, respectively). *Statistically significant difference

between “kneeing” and “knee-high” postures (*p < 0.05, **p < 0.01).

and the Holm-Bonferroni method applied for the yielded p-
values by multiplying all pairwise p-values with the number
of comparisons conducted for each variable. The following
variables were not normally distributed: VO2 at stage one
in “knee-high” posture, blood lactate concentration at stage
one in “kneeing” posture, and shoulder ROM at stage one in
“kneeing” posture. Statistical differences between these three
variables and their corresponding pairs were determined using
non-parametric functions. Spearman’s rank correlations were
calculated between relative differences in oxygen consumption
differences and relative differences in the biomechanical
variables. In all statistical tests, differences were significant
when P < 0.05.

RESULTS

Power Outputs
The mean value for the power output in the maximum
sprint was 292 ± 51W. The power outputs for stages one,

two, and three were 37 ± 6W, 63 ± 11W and 100 ±

18W, corresponding to 13, 22, and 34%, of maximal power
output, respectively.

Differences in Physiological Variables
Oxygen consumption (P < 0.01), ventilation (P < 0.05)
and blood lactate concentration (P < 0.01) indicated
significant differences between the two postures. Oxygen
consumption was 15.5% (P < 0.01) higher with “knee-high”
compared to “kneeing” posture at stage three (Figure 2A).
Ventilation was 10.2 and 26.7% (both P < 0.05) higher
with “knee-high” compared to “kneeing” posture at stages
two and three, respectively (Figure 2B). No significant
differences were observed in blood lactate concentration at
any stage, despite a significant overall difference observed
in ANOVA (Figure 2C). Heart rate (Figure 2D) and
respiratory exchange ratio did not differ statistically during
any load.
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FIGURE 3 | Differences in: (A) cycle rate, (B) relative poling time, (C) impulse of force, and (D) hip range of motion between “kneeing” (white columns) and

“knee-high” (black columns) postures during stages one, two and three (13, 22, and 34 percent of maximum sprint power output, respectively). *Statistically significant

difference between “kneeing” and “knee-high” postures (*p < 0.05, **p < 0.01).

Differences in Biomechanical Variables
Cycle rate, relative poling time, impulse of poling force and
hip ROM demonstrated significant differences between the two
postures (all P < 0.01). Cycle rate was 7.9 and 13.8% (both P
< 0.01) higher with “knee-high” compared to “kneeing” posture
at stages two and three, respectively (Figure 3A). Relative poling
time was 9.9, 8.0, and 13.7% (all P < 0.05) higher with “knee-
high” compared to “kneeing” posture at stages one, two and
three, respectively (Figure 3B). Impulse of force was 6.8 and
13.0% (both P < 0.05) lower “knee-high” compared to “kneeing”
posture at stages two and three, respectively (Figure 3C). Hip
ROM was 46.8% (P < 0.05) and 46.6% (P < 0.01) smaller with
“knee-high” compared to “kneeing” posture at stages two and
three, respectively (Figure 3D).

Correlations Between Differences in
Economy and Biomechanical Variables
Statistically significant correlations between posture-dependent
differences in oxygen consumption and biomechanical variables

were observed during stage three. Differences in cycle rate
correlated positively to differences in oxygen consumption (r =
0.648, P = 0.043, r2 = 0.42) (Figure 4). In addition, differences
in impulse of force (r = −0.636, P = 0.048, r2 = 0.40) and hip
ROM (r =−0.667, P = 0.050, r2 = 0.44) correlated negatively to
differences in oxygen consumption.

DISCUSSION

The main finding of present study was that oxygen consumption
was 4.4–15.5% higher with the “knee-high” posture compared
to the “kneeing” posture at matched power outputs. Hence,
economy was better with the “kneeing” posture. Several
other physiological variables supported this finding and
posture-dependent differences were observed in a number of
biomechanical variables. These findings confirm the results
of Gastaldi et al. (2012) who also found that in Paralympic
athletes the “kneeing” posture allows for a higher mechanical
performance in Paralympic athletes.
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FIGURE 4 | Positive correlation between relative differences of “kneeing” and

“knee-high” postures in oxygen consumption and cycle rate during stage three

(34 percent of maximum sprint power output).

The “kneeing” posture was found to be more economical
compared to the “knee-high” posture. Most importantly, oxygen
consumption at the same power output was higher with the
“knee-high” posture. In addition, blood lactate concentration
and ventilation were significantly higher with the “knee-high”
posture. All of these inter-posture differences together provide
strong evidence that the “kneeing” posture is more economical
than the “knee-high” posture. This was expected based on our
previous findings with able-bodied cross-country skiers (Rapp
et al., 2013) in which the “kneeing” posture was shown to be
considerably more effective than the “knee-high” posture.

In the present study, a number of biomechanical variables
were measured to explain the differences in economy between
postures. A higher cycle rate and lower impulse of force with
the “knee-high” posture indicated that subjects compensated for
a lower single cycle impulse by increasing poling frequency.
Since relative poling time was also higher with the “knee-
high” posture, it seems that subjects needed to shorten the
recovery phase of the cycle to maintain the correct velocity.
Our finding is in line with a previous study by Gastaldi et al.
(2012) who reported that Paralympic athletes had considerably
limited hip ROM with the “knee-high” posture. LW12 athletes,
who most often use the “kneeing” position, have been shown
to have greater trunk range of motion (ROM) compared to
the lower classes both when skiing on snow (Gastaldi et al.,
2012; Schillinger et al., 2016) and with an ergometer (Rosso
et al., 2016). In the “knee-high” sit-skiing posture, trunk flexors
cannot be activated extensively and they may operate at less
effective muscle lengths compared to the “kneeing” posture. This
could explain, at least in part, why the “knee-high” posture
led to a higher cycle rate and lower impulse of force in the
present study.

During stage three, the relative differences in cycle rate,
impulse of force and hip ROM correlated significantly to the

relative differences in VO2. The correlation between relative
differences in cycle rate and relative differences in VO2 was
positive. Correlations between relative differences in impulse
of force and hip ROM and relative differences in VO2 were
instead negative. These results suggest that a higher cycle rate,
lower impulse of force and limited hip ROM with “knee-high”
compared to “kneeing” posture are the most probable factors
behind the higher VO2 with “knee-high” posture, although the
significance levels and coefficients of determination of each factor
individually were relatively low.

There were some limitations in this study. Two-minute rest
periods between the stages may not have been sufficient to
obtain full recovery even in our high-level athletes. However,
by randomizing the order of the postures, any residual
fatigue should have little influence on the study’s main
findings. The unfamiliarity of the sit-skiing movement may
have caused technical difficulties for some subjects, especially
during the maximal sprint. It seems unlikely though that
these technical problems would have been more emphasized
in one of the positions than in the other and thus the main
purpose, which was to examine the effect of sitting position
to performance, is probably not compromised. Nevertheless,
although all efforts were made to simulate the real postures
utilized by sit-skiing para-athletes, the laboratory conditions
may not correspond to all conditions that athletes face
in a racing situation. In a recent study by Rosso et al.
(2017), it was, however, concluded that natural uphill (2.5◦)
skiing and ergometer skiing were comparable from a force
production and muscle activation perspective. It remains to
be studied how the sitting position affects cross-country
skiing in downhills and curves where also balance control is
very important.

Based on all the posture-dependent differences at stage three
in this study, the disadvantage of using the “knee-high” instead
of the “kneeing” posture could be over 15% at this level of
intensity. In the percentage-system applied by the International
Paralympic Committee, the compensation for an LW10 athlete
compared to an LW12 athlete is 14% (International Paralympic
Committee, 2020a). In this study, the difference between the
two postures was more that this 14% compensation despite the
fact that the physical condition of the athlete was the same
in both postures. Therefore, an LW10 athlete forced to use
the “knee-high” posture could suffer an additional disadvantage
compared to an LW12 athlete using the “kneeing” posture
due to their more severe impairment. Furthermore, athletes
in the lower classes may also be able to use the “kneeing”
posture and the compensation between classes LW10 and LW11
for example is only 8% (International Paralympic Committee,
2020a). The decision to use able-bodied athletes in this study
was made due to high variety in level of impairment among
disabled skiers that could confound the interpretation of the
results. Moreover, the “kneeing” posture would be difficult
or impossible for athletes in lower LW classes to perform.
However, further research is needed to establish posture-
dependent differences in sit-skiing economy among actual sit-
skiers. For example, this could be possible by using athletes in
higher LW classes only.
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Practical Applications
In previous studies concerning traditional cross-country skiing
(Mahood et al., 2001; Mikkola et al., 2010; Ainegren et al., 2013)
it has been concluded that good skiing economy is a crucial factor
for succeeding in competitions. Given that observation and those
of the present study, it can be recommended for coaches and sit-
skiers to adopt a “kneeing” posture used in the present study. It is
important to note, however, that not all sit-skiers are able to use
the “kneeing” posture due to their impairment. In any case even a
small use of trunk muscles during skiing may assist to train those
important trunkmuscles. Knee-high position seems to inhibit the
use of the trunk even in non-disabled athletes so this position
should be avoided if possible. Whether the current classification
process and percentage-system accounts for this properly should
be studied with disabled athletes.
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Asthma is highly prevalent among winter endurance athletes. This “occupational disease”

of cross-country skiers, among others, was acknowledged during the 1990s, with the

pathogenesis attributed to repeated and prolonged exposure to cold, dry air combined

with high rates of ventilation during exercise. Nevertheless, more than 25 years later,

the prevalence of asthma among Scandinavian cross-country skiers is unchanged,

and prevention remains a primary concern for sports physicians. Heat-and-moisture-

exchanging breathing devices (HMEs) prevent exercise-induced bronchoconstriction in

subjects with pre-existing disease and may have potential as a preventative intervention

for healthy athletes undertaking training and competition in winter endurance sports.

Herein we firstly provide an overview of the influence of temperature and humidity

on airway health and the implications for athletes training and competing in sub-zero

temperatures. We thereafter describe the properties and effects of HMEs, identify gaps

in current understanding, and suggest avenues for future research.

Keywords: asthma, airway inflammation, exercise, exercise-induced bronchoconstriction (EIB), cross-country

skiing, winter sports

INTRODUCTION

Athletes training and competing outdoors will, most likely, be periodically exposed to cold, and
sometimes sub-zero air. In fact, around 4 million people live in the Arctic region (Larsen and
Fondahl, 2015) and many more are intermittently exposed to sub-zero temperatures during work
and leisure. Exposure to cold air is associated with increased morbidity and mortality in the general
population (Rocklöv and Forsberg, 2008). Possible explanations for these observations include
increased bacterial survival leading tomore airway infections (Handley andWebster, 1995), chilling
of the nasal epithelium leading to inhibition of respiratory defense against pathogens (Eccles,
2002), cutaneous vasoconstriction leading to increased blood pressure and cardiac load (Cheng and
Su, 2010), increased coagulation (Hampel et al., 2010) and bronchoconstriction leading to airway
obstruction (Koskela and Tukiainen, 1995).

Studies from Finland show that up to 50% of the population report at least some cold-related
symptoms (Harju et al., 2010; Näyhä et al., 2011) and that symptoms appear to be more
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common in women than men (Näyhä et al., 2011). A recent
study found that experimental exposure to sub-zero temperatures
at rest and when performing light exercise elicited 50 distinct
symptoms among healthy subjects and patients with obstructive
lung disease (Sjöström et al., 2019). Respiratory symptoms
are also very common among children undertaking physical
activity in cold temperatures (Rasi et al., 2017). Potentially for
these reasons, up to one third of asthmatic individuals report
avoidance of outdoor activities during cold spells (Millqvist
et al., 1987). Thus, cold climates can present a challenge to
facilitate physical activity from a public health perspective, and
moreover individuals who habitually undertake physical activity
in cold environments may experience airway symptoms and/or
morbidity as a result of their training.

Winter endurance athletes, such as cross-country skiers,
frequently undertake prolonged exercise in cold environments
and report an increased prevalence of airway symptoms,
bronchial hyper-reactivity and asthma (Carlsen et al., 2008).
Asthma is a heterogeneous chronic inflammatory disease of
the airways, characterized by recurrent episodes of bronchial
constriction and airflow limitation that presents with symptoms
such as cough, wheezing, and breathlessness. In Sweden, the
prevalence of asthma among adolescents and young adults aged
16–24 years is around 9% (Wennergren et al., 2010). In 1994,
15% of 299 Swedish athletes from upper secondary school cross-
country ski teams and the Swedish army reported physician-
diagnosed asthma (Larsson et al., 1994). More recently, asthma
prevalence among Swedish elite cross-country skiers has been
estimated at 29–35%, with onset typically occurring during
adolescence (Norqvist et al., 2015; Eriksson et al., 2018).

Two major mechanisms may explain the increased prevalence
of exercise-induced asthma in winter endurance athletes. The
airways condition inspired air to 37◦C and 100% relative
humidity (equivalent to 44 mg·L−1 H2O) which leads to
evaporative water loss from the airway surface (Kippelen
et al., 2018). This evaporative water loss cools the mucosa,
leading to vasoconstriction, reactive hyperemia, vascular leakage,
and edema. Meanwhile, dehydration of the airway mucosa
increases osmolarity of the periciliary fluid and stimulates the
release of mediators that trigger smooth muscle contraction
(Anderson and Daviskas, 2000; Anderson and Kippelen, 2008).
The physiological stimuli of mucosal cooling and dehydration
are likely to be exacerbated by low temperatures, dry climates,
and prolonged, high rates of ventilation, each hallmarks of the
training environment for winter endurance sports. Heat-and-
moisture-exchanging breathing devices (HMEs), discussed in
detail in the latter part of this article, may thus directly intervene
with the proposed pathway of airway injury among winter
endurance athletes.

The aim of this narrative review is therefore twofold; to first
provide an overview of pathophysiological responses to exercise
in sub-zero temperatures, and secondly, to review the potential of
HMEs to prevent airway pathophysiological responses to cold air
exercise. Throughout we maintain a focus on the implications for
athletes and practitioners undertaking training and competition
in these environments and highlight gaps in current knowledge
with potential for translation into practical recommendations.

PATHOPHYSIOLOGY OF
EXERCISE-INDUCED ASTHMA IN COLD
WEATHER ATHLETES

Conditioning of Inspired Air
The nasal passage is an important structure which serves
to condition inspired air to near-alveolar conditions. Nasal
breathing appears to defend against airway cooling when inhaling
sub-zero air (Griffin et al., 1982). Indeed, anthropologists have
noted longer, narrower, nasal cavities in human populations
native to cold, dry climates, compared to humans from hot
and humid climates, suggesting an important role of the nasal
cavity in warming and humidifying cold, dry air (Noback et al.,
2011). While nasal breathing is the norm in healthy individuals
at rest, during exercise breathing patterns habitually switch to
oronasal breathing at minute ventilation (V́E) rates around 35
L·min−1 (Niinimaa et al., 1980). Oral breathing appears to be less
efficient at conditioning inspired air, leading to lower inspired
air temperatures (Griffin et al., 1982) and drying of the upper
airway mucosa (Verma et al., 2006). A few individuals are able
to maintain predominantly nasal breathing patterns even during
high-intensity exercise and it would be interesting to investigate
whether habitual breathing during exercise is associated with
development of airway hyper-responsiveness. However, for the
majority of individuals exercising at high to maximal exercise
intensities, oronasal breathing predominates, which could in turn
impair the ability of the airways to condition inspired air.

Thermal mapping of the airways indicates that room
temperature air (26◦C, 8.8 mg·L−1 H2O) is warmed during tidal
breathing to ∼32◦C at the tracheal carina and 35.5◦C in the
subsegmental bronchi. At a V́E of 100 L·min−1, inspired air
temperatures fall by ∼2◦C at each location. Meanwhile, inhaled
air at −18◦C and 0 mg·L−1 H2O reaches only 23◦C at the carina
and 31◦C at the bronchial level (McFadden et al., 1985). Light
to moderate-intensity exercise in −20◦C elicits exhaled air at
around 28–31◦C and relative humidity >90% (Cain et al., 1990).
Thus, it is reasonable to suggest that below certain sub-zero
temperatures, the airways are unable to fully warm and humidify
inspired air. The challenge to the airways to condition inspired
air is further amplified at ventilatory rates typically attained
during moderate to high-intensity exercise and exacerbated by
oronasal breathing.

Quantification of Temperature and
Humidity in Inspired Air
Decreases in environmental humidity and temperature present
an additional challenge to the airways to adequately condition
inspired air. During hyperpnea, which naturally occurs during
high-intensity exercise, heat and water losses further increase,
especially in the upper airways, causing airway dehydration
and inducing a hypertonic periciliary fluid (Daviskas et al.,
1991). Moreover, cold air holds less water vapor, so is dry by
default compared to temperate air and may exacerbate airway
dehydration. Magnus’ exact formula (Rindert, 1993) may be used
to derive the absolute humidity for a given temperature, relative
humidity, and pressure. Figure 1 illustrates the challenge for the
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FIGURE 1 | Illustration of absolute humidity of ambient air at temperatures

between −30 and 40◦C, for different levels of relative humidity (RH).

airways to heat and humidify inhaled air to near core temperature
and saturated with water vapor (absolute humidity= 38.5 g/m3 at
37◦C and 100% RH), at different ambient temperatures and levels
of relative humidity (assuming ambient pressure= 1,013 hPa).

Effects of Whole-Body Exposure to Cold
Air
Individuals participating in winter endurance sports not only
inhale cold, dry air but experience whole-body exposure to sub-
zero environments during training and competition. Controlled
environment conditions generated by environmental chambers
permit simulation of the training environment and experimental
investigation of systemic physiological responses to exercise
in cold climates. To date, exposure studies have frequently
focused on lung function and elucidating mechanisms, often
using isolated cold and/or dry air inhalation as an experimental
stimulus (Strauss et al., 1977; Deal et al., 1979; Eiken et al.,
1989). However, airway obstruction has been shown to be
more pronounced when the face (Koskela and Tukiainen, 1995;
Josenhans et al., 2011) or nose (Fontanari et al., 1996, 1997) are
exposed to cold air among both healthy and asthmatic subjects.
This indicates that whole-body exposure, as opposed to isolated
hyperpnea of cold, dry air, may be a preferred approach to
evaluate airway effects of cold air exposure as well as systemic
physiological responses to cold. Furthermore, little distinction
in the literature has been made between “cold” air of different
temperatures, with studies investigating airway responses to cold
air spanning a 50◦C temperature range (10 to −40◦C) (Cain
et al., 1990; Eschenbacher et al., 1992). With winter sports in
mind, we herein focus on studies that have investigated airway
and physiological effects of whole-body exposure to sub-zero
air within typical temperature ranges experienced by winter
endurance athletes; that is, 0◦C to around−20◦C.

Effects of Cold Air on Lung Function
It has been shown that even 5–10min of whole-body resting
exposure to −17◦C may trigger acute decreases in forced
expiratory volume in 1 s (FEV1), the classical measurement
of airway obstruction, in both healthy subjects and patients
with obstructive lung disease (asthma or chronic obstructive
pulmonary disease (COPD) (Koskela and Tukiainen, 1995;
Koskela et al., 1996). It has then been consistently observed
that exercising in sub-zero temperatures induces bronchial
obstruction in subjects with respiratory disease (Koskela et al.,
1994, 1998; Stensrud et al., 2007). When healthy subjects perform
physical activity to exhaustion, acute bronchial obstruction
has also been detected at sub-zero temperatures (Therminarias
et al., 1998; Kennedy and Faulhaber, 2018), but the results are
inconsistent, with lower-intensity protocols revealing no effect
on pulmonary function (Pekkarinen et al., 1989; Chapman et al.,
1990). Discrepancies in the current literature may be explained
not only by heterogeneity in exercise intensity, duration and
modality but potentially also by differences in temperature and
relative humidity across a relatively small number of studies
(Table 1).

Among non-asthmatic skiers, up to 75% have returned
positive responses to methacholine challenge (Karjalainen et al.,
2000). Furthermore, a higher rate of positive methacholine
challenge arose during winter in competitive speed skaters
(Kurowski et al., 2018a) and methacholine reactivity was
increased after the coldest period of the year in cross-country
skiers (Heir and Larsen, 1995). However, some of the hallmarks
of airway inflammation observed in cross-country skiers are
not consistent with those of atopic asthma, eosinophilic asthma
or traditional models of exercise-induced bronchoconstriction,
in line with the suggestion that “sports asthma,” including
that exacerbated by training in cold and dry air, has a
distinct phenotype (Couto et al., 2015). Potentially for this
reason, classical screening tests such as EVH have been
shown to have poor agreement with a field test for exercise-
induced bronchoconstriction (EIB) induced by exercise in cold
environments, and it has been suggested that more research may
be required to explore the best types of screening test for EIB in
cold weather athletes (Kennedy et al., 2019).

Effects of Cold, Dry Air on Airway
Inflammatory Responses
A handful of studies have shown that elite cross-country skiers,
including those with and without asthma, display markers of
chronic airway inflammation and damage to the airway epithelial
lining. These studies report increased bronchoalveolar and/or
mucosal infiltration of eosinophils, neutrophils, macrophages,
mast cells, and lymphoid aggregates in athletes training in cold
climates compared to healthy controls, but fewer eosinophils and
mast cells and more neutrophils than in subjects with asthma
(Sue-Chu et al., 1998, 1999; Karjalainen et al., 2000). A more
recent longitudinal study of female cross-country skiers over
the course of a training season reported an increase in sputum
eosinophils and lymphocytes between the beginning of the
training year (late spring) and the peak of the winter competitive
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TABLE 1 | Experimental studies that have employed environmental chamber models to examine acute effects of short-term, whole-body exposure to sub-zero

temperatures on lung function and other physiological variables.

References Subjects Temperature

(◦C)

Humidity Duration

(minutes)

Exercise

intensity

Outcome

Pekkarinen et al. (1989) Healthy males, n = 20 −20 ∼50% RH 8–17 70–75% of HRmax No effect on FVC, FEV1,

PEF, MEF

Chapman et al. (1990) Healthy, n = 12 −11 <2% RH 30 80% of V̇O2max No effect on pulmonary

function indices

Koskela et al. (1994) Asthma, n = 19 −20 Not reported 10 ≥70% of HRmax FEV1 ↓

Koskela and Tukiainen (1995) Healthy, n = 15, and asthma, n = 10 −17 Not reported 10 Rest FEV1 ↓ both groups

Koskela et al. (1996) COPD, n = 20, and healthy, n = 10 −17 <1.75 mg/L 5–10 Rest FEV1 ↓ both groups

Koskela et al. (1998) COPD, n = 14 −19 Not reported 10 Until exhaustion FEV1 ↓ Exercise duration ↓

Therminarias et al. (1998) Healthy well-trained males, n = 8 −10 Not reported 30 Until exhaustion FEV1 and FEF75 ↓

Stensrud et al. (2007) Exercise-induced asthma, n = 20 −18 39% RH 8 ≥95% of HRmax V̇O2peak running speed,

FEV◦
1↓

Kennedy and Faulhaber (2018) Healthy females, n = 17 0 to −20 40% RH 28 Until exhaustion FEV1 ↓

FEF75, Forced expiratory flow at 75% forced vital capacity; FEV1, Forced expiratory volume in 1 s; FVC, Forced vital capacity; HRmax , Maximal heart rate; MEF, Maximal expiratory flow;

PEF, Peak expiratory flow; V̇O2peak , Peak oxygen uptake; V̇O2max , Maximal oxygen uptake.

ski season (Kennedy et al., 2016). A mixed cohort of speed
skaters and swimmers also presented with a similar inflammatory
cytokine profile in exhaled breath condensate as that seen
in asthmatics (Kurowski et al., 2018b). Furthermore, baseline
TNF-α in exhaled breath condensate was positively correlated
with percentage decreases in FEV1 following exercise challenge
for both athletes during a hard training period and asthmatic
subjects (Kurowski et al., 2018b). Among speed skaters reporting
exercise-induced respiratory symptoms, IL-1RA was elevated
during the winter training period compared to asymptomatic
athletes (Kurowski et al., 2018a). Together these observations
suggest a multifactorial inflammatory profile may develop during
winter training in athletes that may be associated with symptoms
and/or lung function.

However, very few studies have examined acute inflammatory
responses to exercise in cold under standardized environmental
conditions in either individuals with asthma or healthy subjects.
Performing 2 h light exercise in −23◦C has been shown to
increase number of granulocytes and macrophages in the lower
airways in healthy subjects (Larsson et al., 1998). However,
as highlighted by Bonsignore and colleagues as long ago as
2003, there remains a gap in current knowledge about how
acute exercise sessions performed in cold may acutely influence
markers of inflammation local to the airways (Bonsignore
et al., 2003). Systemic immune responses are typically not
influenced by exercise in cold (Castellani et al., 2002), however,
exercise duration and intensity are known to substantially
influence immune responses to exercise, with prolonged,
moderate-intensity exercise provoking greater in vivo immune
perturbations than short, high-intensity exercise (Diment et al.,
2015). On the other hand, it has been observed that bronchial
hyper-reactivity to methacholine increases in association with
volume of physical activity at higher exercise intensities (>90%
maximal heart rate) (Heir and Larsen, 1995), and anecdotal
reports from coaches and athletes have informed us that elite
skiers tend to report respiratory symptoms more frequently after
sprint competitions (typically 3–4min duration at near-maximal

intensities). Therefore, it would be pertinent to investigate
whether inflammatory and immune markers local to the airways
are acutely influenced by short, high-intensity exercise (i.e., near-
maximal V̇E) or prolonged, moderate-intensity exercise (i.e., high
area-under-curve for V̇E).

Effects of Cold, Dry Air on Airway-Related
Symptoms
Upper and lower respiratory symptoms are common among
winter athletes (Svendsen et al., 2016; Valtonen et al., 2019)
with as many as 80% reporting sporadic exercise-associated
respiratory symptoms (Kurowski et al., 2018a). It has also
been reported that occurrence of upper respiratory infections
increases in the general population with cold temperature and
low humidity (Mäkinen et al., 2009), which may partially
explain increased symptom reports during winter. Although a
proportion and perhaps indeed a majority of symptoms reported
may be associated with viral upper respiratory tract infections
(Spence et al., 2007; Valtonen et al., 2019), it is clear that not
all symptoms are attributable to infectious causes (Rundell et al.,
2001), particularly with regard to exercise-associated symptoms.
For example, increased reporting of cough in cross-country skiers
during the winter competitive season has been associated with
sputum neutrophils and total yearly training (Kennedy et al.,
2016), suggesting a direct localized association with both airway
immune cells and training stress.

Cold Effects on Performance
From a performance perspective, cross-country skiing double-
poling performance has been shown to decline at −15 vs. 6◦C
whilst wearing a standard racing suit (Wiggen et al., 2016).
Running time to exhaustion in cross country skiers has also been
reported as shorter at −14◦C than −4 and 1◦C when wearing
a standard cross-country racing suit (Sandsund et al., 2012).
Considering both studies together, core temperature typically
increases during exercise at −14 to −15◦C but potentially to a
lesser extent than at warmer temperatures (−9 to 20◦C). Colder
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environments appear to produce greater reductions in skin
temperature during exercise. Neither study found differences in
V̇O2 nor V́E during maximal exercise tests across a broad range
of environmental conditions (−15 to 20◦C), but power output
was lower during the first 8min of the 20-min double poling
test at −15◦C compared to 6◦C, suggesting that a reduction in
skin temperature may lead to muscular cooling and reduced
exercise economy (Wiggen et al., 2016). Muscular cooling may
also be associated with increased risk of injury (Scott et al.,
2016). Together these results suggest that in cross-country skiers
without asthma, ventilatory rates and oxygen uptake are not
significantly affected during high-intensity exercise at −15◦C
(Wiggen et al., 2016).

TOWARD TEMPERATURE AND HUMIDITY
THRESHOLDS FOR AIRWAY
PATHOPHYSIOLOGICAL RESPONSES

Assuming that the increased risk of developing asthma among
winter endurance athletes is due to repeated and prolonged
inhalation of cold and dry air, a pertinent question arising from
athletes, coaches and organizations in winter sports is whether
specific ambient temperature and/or humidity thresholds can be
defined below which airway damage is likely to occur during
training or competition. From an epidemiological perspective,
the threshold temperature for presentation of cold-related
respiratory symptoms at a population-level is at sub-zero
temperatures (−7 to −18◦C) and slightly higher among subjects
with lung disease (Harju et al., 2010).

The relative importance of inhaled air temperature vs.
humidity on airway responses to the cold remains unclear. Low
water content of inhaled air appears to be a stronger inducer
of exercise-induced asthma than low temperature, at least at
non-freezing temperatures (Hahn et al., 1984; Anderson et al.,
1985; Eschenbacher et al., 1992). However, hyperpnea of sub-
zero dry air has been shown to induce greater airway obstruction
in asthmatic subjects compared to inhalation of dry air at room
temperature (Zawadski et al., 1988), suggesting temperature itself
factor that could exacerbate bronchoconstriction. It has even
been reported that cold, damp air may elicit more symptoms in
patients with asthma than cold, dry air (Millqvist et al., 1987).
Taken together, there is a lack of agreement on critical thresholds
for airway health risks, both in asthmatic and non-asthmatic
subjects, with respect to inhaled air temperature and humidity;
particularly for elite winter endurance athletes undertaking
exercise in cold, dry conditions.

Anecdotally, it could be expected that training and
competition temperatures in winter sports are frequently
below 0◦C but rarely below −20◦C. Thus, perhaps the first
important question for those participating in recreational
activity and competitive sport in sub-zero climates is whether
the challenge to the airways to humidify air varies substantially
within this temperature range to increase risk of airway injury
or presentation of respiratory symptoms. It is possible that it
is not just the absolute humidity but the rate of cooling and/or

condensation of expired air in sub-zero temperature that plays
an important role in determining this.

Temperature Limits for Competitions
The Federation Internationale de Ski (FIS) rules for international
competition at the time of writing state that if the temperature
is below −20◦C at the coldest part of the course, a competition
should be postponed or canceled. In the case of other challenging
weather conditions such as strong winds or high humidity (as
well as high temperature or heavy snowfall) the Jury may also
decide to postpone or cancel the competition. For so-called
“popular” competitions, FIS rules also recommend additional
precautions, for example to provide recommendations regarding
cold weather protection if the temperature is forecast to be
between −15 and −25◦C, and cancellation if the temperature in
a major portion of the course is expected to be −25◦C or below
(Federation Internationale de Ski, 2018). It has been suggested
via the FIS Medical Committee that temperature thresholds
should be higher for long-distance races (>30 km, −16◦C) than
for shorter distances (<30 km, −18◦C) and sprints (−20◦C),
and higher (−12◦C) for children under 14 years (Lereim,
2007). Although such regulations may have been adopted by
local or national organizations, these recommendations have
not been implemented in international competitions to date.
The International Biathlon Union (IBU) rules at the time of
writing state that competitions should not be started if the air
temperature is below −20◦C at the coldest part of the site, but
that if it is colder than−15◦C then wind chill and humidity must
be considered (International Biathlon Union, 1998).

Are Current Temperature Limits
Appropriate?
Most winter endurance sport governing bodies recommend
lower temperature limits for competition. However, despite
earlier commentaries on the potential respiratory health risks
of undertaking competitions in very cold and dry climates
(Kippelen et al., 2012; Sue-Chu, 2012), few explicitly cite concerns
regarding airway health as a major rationale. Collectively, rules
stipulated by governing bodies in winter endurance sports
suggest little consensus in “safe” temperatures for competition for
elite or amateur athletes.

It is clear that temperatures above the present limits stipulated
by governing bodies may induce bronchoconstriction in subjects
with asthma. Protection of the airways under such conditions
would therefore seem warranted and it is notable that heat-
moisture exchanging breathing devices are not prohibited in
competition. Of further interest is the question about whether
current competition temperature thresholds are safe for healthy
athletes without asthma. During exercise at −23◦C, cellular
responses associated with airway inflammation have been
observed in healthy individuals (Larsson et al., 1998). Airway
inflammatory responses as well as epithelial injury have potential
to underpin the development of asthma in at-risk individuals, but
the existence of sub-clinical airway inflammation arising from
exercise in cold in individuals without asthma is not well-defined,
let alone threshold temperatures at which such responses could
occur. Given development of asthma among winter endurance

Frontiers in Sports and Active Living | www.frontiersin.org 5 April 2020 | Volume 2 | Article 34102

https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles


Hanstock et al. Heat and Moisture Exchangers and the Airways

athletes typically presents during adolescence and later than in
reference populations (Eriksson et al., 2018), there is also a need
to investigate whether adolescents and young athletes are in need
of more conservative guidelines to reduce risk of airway injury.

Heat-and-Moisture-Exchanging Breathing
Devices
Heat and moisture exchangers (HMEs) are simple and generally
inexpensive tools that may offer protection to the airways from
the potentially damaging effects of heavy exertion in sub-zero
conditions. On the market there are essentially three different
types of HME design, all with the common feature of a filter
where exchange of inspiratory and expiratory air can take place.
A representative selection of the three designs of HME is shown
in Figure 2.

The first design of HME is held firmly with the mouth
(Lungplus Info AB, Hörby, Sweden) and does not cover the nose,
which then will maintain its usual function as heat exchanger and
humidifier of inspired air. The second design of HME consists
of a mask (Air Trim, Vapro Produktutveckling AB, Västerås,
Sweden) covering the skin surface around both nose and mouth.
This type of HME is held in place against the skin by means
of a strap which is tensioned around the back of the head.
The third type of HME has the filter fixed in a tube of some
type of textile that is threaded over the head and covers most
of the face including nose, mouth and neckline (Jonaset 0602,
Suojalaite OY, Helsinki, Finland). The principle of a HME is
that its inner surfaces and filters are heated and moistened by
the exhaled air. The filter also constitutes a barrier that prevents
the mixing of residual exhaled air with ambient air so that
the volume and the surface inside the HME is prevented from
being cooled and dehumidified with ambient air during the short
time between exhalation and inhalation. Upon inhalation, cold
and dry ambient air will therefore be able to be heated and
moistened both by the filter and the remaining exhaled volume
inside the HME. Differences in HME filter area, mesh density,
and remaining expiratory volume should lead to differences in
the ability to warm and humidify inhaled air. Some degree of
heat impact from the friction between gas molecules and the
filter is also conceivable but probably relatively small in context.
The intended functionality of an HME is thus to provide a pre-
station where cold and dry ambient air is partially warmed and
humidified before inspiration and thus before the cold air reaches
the upper airways.

Influence of HME on Breathing and
Inspired Air Composition
The use of an HME may have both positive and negative
consequences for the user which may be affected by both the
type of HME and intensity of activity. HME filters are effective
at warming air as it passes through the filter, especially when the
source air is cold (Nisar et al., 1992). However, the remaining
volume of exhaled air inside the HME constitutes an effective
increase in dead space leading to a decrease and increase in
inspiratory O2 and CO2 fractions, respectively (Campbell et al.,
2000). Also, breathing through the filter may to some extent

increase resistance to breathing. The volume of increased dead
space varies with design and the manufacturer of HME, like
probably the resistance to breathing, and the affected inspiratory
gas fractions can be compensated for by the fact that the tidal
volume is increased correspondingly to the increase in HME
dead space. However, at high ventilations, such as the rates
attained during high-intensity cross-country skiing, it may be
difficult to increase the tidal volume further. Also, increased
ventilation confers an increased energy cost for the respiratory
muscles to further overcome the elasticity of the lung tissues
and to drive the flow through the HME filter. However, since
cold and dry air can cause bronchoconstriction, which leads
to negative consequences such as increased airway obstruction,
hypoventilation, and altered alveolar gas fractions, it would be
interesting to investigate whether the sum of resistance from
airways plus HME would be less than without using HME.
Thus, prevention of bronchoconstriction with an HME would be
positive for ventilation, pulmonary gas exchange, and energy cost
of breathing.

HMEs Prevent Exercise-Induced Asthma
A handful of studies have demonstrated that HMEs can attenuate
exercise-induced bronchoconstriction triggered by cold and/or
dry air (Table 2). Despite heterogeneity in ambient/inspired
air temperatures (23 to −25◦C), humidity, exercise protocol
intensity and duration, these observations suggest that use of
HMEs may be an effective strategy for prevention of exercise-
induced airway obstruction in patients with asthma exercising in
cold and/or dry conditions. A common trait of these studies is
that all used participants with asthma, with reductions in FEV1 as
the primary endpoint. Three studies reported protective effects of
HMEs to attenuate reductions in FEV1 after exercise in sub-zero
climates (Nisar et al., 1992; Millqvist et al., 1995; Beuther and
Martin, 2006), cool temperatures (Jackson et al., 2018) and dry,
ambient temperatures (Brenner et al., 1980; Millqvist et al., 1995).
In addition, breathing through unidirectional inspiratory and
expiratory filters in a placebomask (Millqvist et al., 1995), and use
of a placebo filter (Beuther and Martin, 2006) did not attenuate
bronchoconstriction compared to a no-mask condition, giving
weight to the mechanism of heat-moisture exchange in the
filter as the mode of protection imparted by the mask. It
has been shown that the attenuation of bronchoconstriction
achieved by use of an HME is comparable in magnitude to the
protective effects imparted by pre-treatment with short-acting
beta-2 agonists prior to exercise, and that combining the two
strategies can fully prevent reductions in FEV1 (Millqvist et al.,
2000).

What About HMEs for Healthy Athletes?
While the case to consider HMEs as preventative tools for
exercise-induced asthma may be relatively well-supported by
present data, we are aware that many athletes without asthma
may also utilize HMEs. Given the higher risk of developing
exercise-induced asthma among elite winter endurance athletes,
investigation of the potential of HMEs to attenuate asthma-like
symptoms, bronchial obstruction, or other biomarkers of airway
injury is warranted. To our knowledge, only a single study to
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FIGURE 2 | Three representative types of HME: Lungplus (upper left), AirTrim (lower left), and Jonaset 0602 (right).

date has set out to evaluate potential prophylactic effects of
HMEs to prevent airway damage or asthma in healthy athletes.
Following a high-intensity exercise bout in−20◦C, without use of
an HME, Frischhut et al. (2020) reported post-exercise decreases
in FVC and FEV1 in healthy athletes. HME usage attenuated
these responses, and also resulted in fewer respiratory symptoms
(Frischhut et al., 2020).

Anecdotal evidence suggests that HMEs are routinely used not
only by individuals with asthma but also by otherwise healthy
individuals training in very cold environmental conditions. It
appears less common that healthy athletes utilize HMEs for
high-intensity training sessions or in competition. The rationale
underpinning this choice requires further investigation but
could include improved comfort during training, reduction in
respiratory symptoms and/or a belief that HMEs are protective
for their airway health.

Given the higher risk of developing exercise-induced asthma
among elite winter endurance athletes, investigation of the
potential of HMEs to attenuate asthma-like symptoms, bronchial
obstruction, or other biomarkers of airway injury is warranted.
To our knowledge, no studies to date have evaluated potential
prophylactic effects of HMEs to prevent airway damage or
asthma in healthy athletes.

At present, a conservative approach may suggest that there
is little risk for healthy athletes to use HMEs during training,
but potentially high reward if HMEs are able to minimize
airway injury and symptoms during exercise in very cold or dry
environments. Nevertheless, avoidance of HME utilization by
healthy athletes may occur for a multitude of reasons. Athletes
may experience or perceive increased resistance to breathing

and become concerned that this could impair their ability to
perform in races, or complete high-intensity sessions as planned.
Discomfort may occur if water vapor begins to freeze around
the edges of the HME or around the filter area, and poor fit
may become a distraction during training. Whilst a couple of
studies suggest that healthy individuals can use a HME without
discomfort or reduction in performance (Eiken et al., 1989;
Seifert et al., 2017), it is likely that there is a large variation
in comfort, fit and resistance to breathing among current,
commercially-available HMEs. It is also possible that healthy
athletes do not see a benefit to using HMEs, although, a recent
study demonstrated that use of an HME during sprint exercise in
−9◦C attenuated the performance deficit seen without a HME
in a cold environment; sprint performance in −9◦C with a
HME was similar to performance in room temperature (Seifert
et al., 2017). Qualitative work could provide insight into current
attitudes toward HME use in winter endurance athletes and
inform manufacturers about whether current models are fit
for purpose.

When Should HMEs Be Used?
With regard to recommendations for use of HMEs, many
questions remain regarding temperature and/or humidity
thresholds as well as exercise intensities at which use of HMEs
may (or may not) be recommended for athletes with and without
asthma. Numerous coaches and officials working in these sports
have made a plea to us as sports physicians and scientists to
recommend temperature and humidity thresholds below which
risk of airway injury is substantially increased in junior and
senior athletes, and further to provide information about whether
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TABLE 2 | Studies showing that HMEs attenuate exercise-induced bronchoconstriction.

References Temperature (◦C) Humidity Duration

(minutes)

Exercise

intensity/

ventilation rate

Main finding

Beuther and Martin (2006) −15 to −25

Isolated breathing of

sub-zero air

Not

reported

10 85% V̇O2max Placebo: 1FEV1 = −19 ± 4.9%

HME: 1FEV1 = −4.3 ± 1.6% fall in FEV1

Nisar et al. (1992) −13

Isolated breathing of

sub-zero air

Not

reported

6 75% V̇O2max No HME: 1FEV1 = −22% (−13 to −51%)

HME: 1FEV1 = −10% (0 to −26%)

Millqvist et al. (1995) −10

Whole body exposure

Not

reported

3 × 6 50–150W Study A, n = 9

No HME: 1FEV1 = −36%

HME: 1FEV1 = −11%

HME “protective effect” = 70% (range 19–100%)

Two women could not complete protocol without HME

Study B n = 5

HME “protective effect” = 74%

Placebo mask with one-directional filters (no heat-moisture

exchange), protective effect = 14%

Millqvist et al. (2000) −10

Nasal clips to prevent

nasal breathing

Not

reported

3 × 6 Incremental

30–150W

No HME: 1FEV1 = −27%

HME: 1FEV1 = −12%

Beta-2-agonist: 1FEV1 = −7%

HME+beta-2-agonist: 1FEV1 = None

Jackson et al. (2018)* 8

Whole body exposure

20% RH 6 80% PPO HME: 1FEV1 = −6.0%,

SHAM: 1FEV1 = −9.5%,

No HME: 1FEV1 = −13.0%,

p = 0.03 between HME and No HME.

Gravelyn et al. (1987) 22 0mg

H2O·L
−1

5 60–70 L·min−1 No HME: 300% increase in sRaw after hyperpnea with dry air

HME: 7% increase in sRaw after hyperpnea

Brenner et al. (1980) 23 26% RH 6 90% HRmax No HME: FEV1 = 66 ± 6 of individuals’ (pre-exercise)

baseline, 6min after exercise

HME: FEV1 = 91 ± 3% of individuals’ baseline

Frischhut et al. (2020) −20

Whole body exposure

46.2% RH 8 90–95% HRmax Winter athletes without asthma

No HME: FVC −5.9%,

FEV1 −4.2% vs. pre-exercise baseline

HME: FVC no reduction

FEV1 no reduction

*Conference proceedings.

FEV1, Forced expiratory volume in 1 s; HME, Heat and moisture-exchanging breathing mask; HR, Heart rate; PPO, Peak power output; RH, Relative humidity; sRaw, Specific airways

resistance; V̇O2max, Maximum oxygen uptake; W, Watts.

FIGURE 3 | Conceptual model of potential effects and interactions of HME use by athletes and exercising populations.
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HMEs are sufficient to counteract potential detrimental effects
on the airways of healthy athletes during exercise in the cold.
Table 1 summarizes the existing evidence for occurrence of
airway responses at a range of sub-zero temperatures, and thus
could be used to suggest thresholds below which use of HMEs
might be appropriate for the healthy athlete, whereas Figure 3
outlines potential effects of HMEs as well as factors to consider
that may affect HME efficacy.

To summarize, there is a lack of knowledge at present about
the extent of positive and negative effects of HME use, precisely
with respect to their capacity to heat and humidify inhaled air, the
resistance they pose to breathing and effects they have on athletes’
ventilation, energy cost and performance. Given their observed
effects on FEV1 after exercise challenge, current data suggests
HMEs have potential to mitigate exercise-induced asthma. If
performance capacity via discomfort, distraction or breathing
resistance remains a concern, utilization of an HME during
the warm-up only could be worth considering, since warm-
up may be beneficial in preventing subsequent EIB (Stickland
et al., 2012); and because rapid transition from warm to cold
environments (and back again) may provoke reactive hyperemia
(Gilbert andMcFadden, 1992). However, due to a paucity of data,
such strategies would require further investigation. Future work
should also examine the potential of HMEs to attenuate airway
damage and inflammation as well as respiratory symptoms both
in subjects with asthma and healthy individuals undertaking
exercise training in sub-zero environments.

CONCLUSIONS

It is well-understood that exercise in cold and dry air can trigger
airway inflammation and epithelial injury and may be associated
with increased prevalence of airway hyper-responsiveness and
asthma. Whilst this relationship has been understood for several
decades, the prevalence of asthma in senior cross-country skiers

in Scandinavia has not changed in this time, and so investigation
of preventative strategies is warranted.

Current understanding suggests that repeated airway injury
leads to development of inflammation and airway hyper-
responsiveness, and that this process is exacerbated by cold and
dry air. While FEV1 is commonly used as a primary endpoint
for studies in athletes with asthma, primary endpoints for the
effect of cold air on the airways of healthy athletes have not
been determined. Current temperature limits for competition
in winter endurance sports make no specific reference to
effects of the environment on the airways. A small body of
evidence suggests that HMEs may attenuate exercise-induced
bronchoconstriction, but existing data are discordant regarding
environmental conditions where exercise may be harmful to
the airways in healthy athletes or athletes who have already
developed airway hyper-responsiveness. Further work is required
to characterize temperature and humidity thresholds as well as
exercise intensities and durations for which HME use may be
recommended. Based on the limited evidence currently available,
we suggest that for athletes with asthma, use of HMEs during
training in sub-zero temperatures or dry environments could be a

low-risk and high-return strategy to protect the airways. Athletes
with healthy airways may be encouraged to use HMEs at sub-zero
temperatures where airway discomfort arises, as a low-risk and
potential prevention strategy against airway damage. However,
further work is required to investigate the prophylactic potential
of HMEs for both short-term attenuation of airway damage and
respiratory symptoms in healthy athletes, as well as long-term
prevention of asthma in winter endurance athletes.
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Youth ski racers spend a considerable amount of time on snow and this may detract from

other activities known to influence fundamental movement skills and overall health related

outcomes. Parents of racers (n = 52 F; n = 44M; age range 9–14 years) registered in

the Canadian club system completed a baseline medical questionnaire during preseason

testing in 2017. We describe physical activity volume and sport participation outside

of physical education classes over the previous 12 months and report on injuries,

medication use and health care utilization. The mean number of activities participated

was five (range 1–14) with cycling, hiking, and swimming as the preferred choice and

a cumulative mean of just under 400 h of activity was reported (range F 27–1,015;

M 62–869 h/year) in the past year. During the past 12 months 16% of the athletes

reported being injured and injury severity impacted return to sport with range of reported

days missed from 1 to 365 days. Thirteen non-concussive injuries were reported in

alpine skiing and females (12%, 6/52) reported more lower limb injuries than males

(7%, 3/44). More males were concussed over their lifetime, with alpine skiing accounting

for 46% and mountain biking 15%. Most athletes (85%) did not take medication on a

regular basis and those that did had a medical diagnosis. The frequency of respiratory

conditions was 13% (12/96) with males reporting slightly more cases than females. No

difference in emergency visits occurred (25%) between males and females in the past

12 months, however females reported more (n = 102) allied health care, sport medicine

and x-rays appointments when compared to males (n = 65). In summary, a high volume

of physical activity (an hour plus per day) over the previous 12 months was reported with

racers participating in several activities outside of skiing, likely honing their fundamental

movement skills. Close proximity to the mountains may have influenced their choices of

activity outside of ski racing, and their injuries and a variety of health conditions were

typical of their age group. Future research employing wearable technology to objectively

quantify the volume and intensity of physical activity participation is recommended.

Keywords: adolescents, ski racers, physical activity participation, injury, hospital visits
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INTRODUCTION

Alpine ski racers as young as 10–14 years spend a considerable
amount of time on snow during the ski season. This may
detract from other activities known to influence fundamental
movement skills (FMS) and overall health related outcomes.
The Canadian Alpine Long-term Athlete Development model
(LTAD) was recently redesigned in 2019 with the emphasis
toward a more staged development so as to help younger ages
achieve both athlete success and continued life-long participation
in the sport (https://ltad.alpinecanada.org). The Training and
Competition VolumeMatrix within the LTAD identifies volumes
and quantities associated with performance programs, however
it does not address the volume of physical activity (PA) outside
the ski training paradigm. Inclusion of all PA and other sports
young ski racers participate in should be considered since this
added exposure may contribute positively or negatively to their
health and performance.

A review of the literature supports that FMS are associated
with PA participation (Williams et al., 2008), however, failure to
develop these skills during childhood may impact a child’s future
physical activity level in adulthood (Lloyd et al., 2014; Henrique
et al., 2016; Jaakkola et al., 2016). While these studies focus on the
relationship between FMS and PA participation, only a few others
have gone beyond and identified health indicators (Tremblay
et al., 2016; Canadian Physical Activity Guidelines, 2018). Yet, an
underlying belief exists that most health indicator benefits occur
through PA and sport participation in youth.

Typical health indicators, such as waist circumference, body
weight and body mass index (BMI), have been associated
positively with FMS (Lubans et al., 2010; Robinson et al.,
2015; Duncan et al., 2016; O’Brien et al., 2016) and with
sport participation although the direction of the relationship
is not clear (Cairney and Veldhuizen, 2017; Comeau et al.,
2017). Ski racers for example tend to be heavier than age
matched non-athletes, as larger anthropometric characteristics
are advantageous in alpine ski racing (Raschner et al., 1995).
However, in terms of both physical and mental health indicators
other than those related to body composition, not much
information is available in the 10–14 year-old ski racing group.

Recently Müller et al. (2017a,b), published a study that
examined the incidence, prevalence, and severity of traumatic
and overuse injuries and illnesses of elite youth ski racers, 15
years and under. The authors reported a relatively low injury
incidence (traumatic, IR = 0.86/1,000 h of training; overuse, IR
= 0.28/1,000 h) and high annual illness prevalence (2.4/athlete)
in youth ski racers. In addition to this, the knee was the most
commonly affected body part (traumatic knee injuries 36.5%), a
high annual prevalence of overuse injuries (82%) and prevalence
of bone fractures was high (46%) and 66% of the illnesses
reported were respiratory tract infections. Overuse injuries and
respiratory diseases, although not traditionally thought of as
health indicators certainly influence an adolescent’s health.

Reliable data collection through injury and illness surveillance
methods in youth alpine ski racers remains a challenge
(Spörri et al., 2017). In Canada, the independent operation
of ski clubs leads to significant difficulties for injury and
illness surveillance. The Public Health Agency of Canada

reported that alpine skiing is the third-leading cause after
hockey and snowboarding for emergency departments visit in
children. Furthermore, skiing (12.6%) had the highest rate of
hospitalization when compared to snowboarding (11.3%) and
hockey (3.6%) (Warda and Yanchar, 2012).

Head injuries, although thought to be less common are
noteworthy, since a child’s brain is still developing and a
brain injury such as a concussion, impacts them with a range
of negative consequences, including headaches, depression,
memory problems and poor school performance. Increased
concussion recognition has many athletes seeking a diagnosis
and as such emergency department visits for sport-related
concussions doubled in children from 1997 to 2007 (Bakhos
et al., 2010). In a recent study of elite youth ski racers, 28.8%
of the injuries reported (19/66) were related to the head and
84% (16/19) of these were concussions during the 2016/2017 ski
season (Anderson et al., 2019).

Recently, developmental disorders with similar
symptomology as listed above for concussions have been
associated with increased injury proneness (Nelson et al., 2016).
Given that concussions are emerging as an issue in alpine skiing,
where cumulative impacts to the head is not uncommon, more
research is needed to rule out the possibility of the interactive
effects of this combination. According to Pol et al. (2019) a better
understanding of how sport injuries occur is warranted with
consideration toward adopting a larger health focus so as to
improve prevention for medical, economic, scientific and sports
success reasons.

The primary aim of this study was to describe the participation
of all sport and physical activity by type and volume, and the
secondary aim was to provide insight into the injuries reported
and health indicators (health care utilization, illness, medication
use) in adolescent youth ski club racers in Western Canada.

METHODS

Participants and Design
Alberta Alpine Ski Association (AASA) is the provincial
governing body for alpine ski-racing, and guides standards
for programs for over 4,800 athletes, coaches, officials, and
volunteers throughout the province of Alberta in Canada (http://
albertaalpine.ca/). Within the AASA are numerous ski-clubs,
that are privately managed through parent volunteers and/or
respective coach hires. Athletes from 5 ski clubs registered in
the AASA in the under 12 and 14 (U12, U14) age group
categories participated in this study. Participating skiers had
been previously recruited for a pre-experimental study during
the 2017 pre-season dryland training period on balance agility,
and strength exercises (BASE) that required a sample size
of n = 93 to achieve 80% power at an alpha level of 0.05
(Doyle-Baker et al., 2017). A baseline medical questionnaire was
included in the package with other study forms and sent home
to the parents prior to dryland fitness testing. The self-report
questionnaire included a mixture of question types (single and
multiple response, rating scales, true/false statements and open-
ended) and required 10–15min to complete andmost parents did
so at home. A total of 96 questionnaires were returned (n= 52 F;
n= 44M), with 4 forms that had incomplete sections.
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Ethics Statement
Athletes and parents were informed of the study aims,
requirements, and risks before providing written and verbal
participant assent, and written parental consent. The study was
performed according to the Declaration of Helsinki. The research
was approved by the Conjoint Health Research Ethics Board of
the University of Calgary (REB:16-1818).

Questionnaire Details
The baseline medical questionnaire was developed from an
injury surveillance system adapted for high school basketball
from the Canadian Intercollegiate Sports Injury Registry
(CISIR) (Emery et al., 2007). The questionnaire has been
previously used in other studies as a baseline for sport and
recreation participation and injury at the University of
Calgary in Alberta (Richmond et al., 2016). In this current
study we were interested in identifying all other activities
ski racers participated in, past injury and injury types from
all activities, past diagnosis related to various conditions
(bone fracture, systemic diseases, respiratory, circulation or
heart, neurological disorder, headaches), medication and
supplement use, and health care utilization (practitioner and
hospital visits).

The questionnaire asked for detailed information on
frequency, hours, and number of weeks of participation across
38 activities, not including physical education (PE) class, over
three time periods. The first time period was related to the
6 weeks prior to the start of the preseason dryland training
program, the second was related to the past year, i.e., previous
12 months, which matches the time frame from the Canadian
General Social Survey, and the third didn’t specify a time
duration and was considered to be over a lifetime. Within the
questionnaire, injury history was based on date, activity, type,
body part, treatment and return to sport (RTS) and was divided
into concussion (defined as either diagnosed or not or been
“knocked out” or had their “bell rung”), non-concussive injury
(defined as requiring medical attention or at least 1 day of
missed participation in the past 12 months), and any injury not
completely healed.

The data was de-identified and entered into REDCap, a secure
web-based application by research assistants and the PI cleaned
and checked the data (Harris et al., 2009). Where necessary the
paper copy of the questionnaire was reviewed, and/or phone call
follow up check with the parents occurred.

Statistical Analysis
Appropriate measures of central tendency are reported [means
and 99% confidence intervals (99% CI)] for participant
characteristics from the BASE study by sex: age, height,
weight, WC, BMI and Predicted VO2max. A crude analysis
was carried out to assess the distribution of raw data
using the Kolmogorov-Smirnov test, which demonstrated
all data to have a normal distribution (p > 0.05). The
majority of the PA and health variables are described as
rates, means, [standard deviations (±)] or frequencies
(%). Data was analyzed using IBM SPSS 24 software and
STATA V.15.

RESULTS

Ski racing uses the 1st of January as the birth month for the yearly
cut-off date for grouping the various competition categories.
This relative age effect (RAE) is present in all age categories
at both national, as well as at international levels in skiing
(Müller et al., 2015). However, in this study the chronological
age was calculated based on the cut-off date for collecting
the questionnaires.

Participant Characteristics
A total of 96 racers (M = 44; F = 52) born between 2004 and
2008 (2004 n = 20; 2005 n = 20; 2006 n = 27; 2007 n = 28;
2008 n = 1) completed the self-report questionnaire. Mean age
as of the 25th of September 2017 was 11.5 ± 1.1 (range 9.3–13.7
years) and there was no statistical difference across the mean age
of the five clubs (11.4 n = 38; 12.0 n = 4; 12.3 n = 13; 11.2 n
= 19; 11.3 n = 22). The anthropometric characteristics of the
racers during the pre-season testing are described in Table 1.
The biological maturity status was not accounted for, however
just 17.3% of the females (9/52) self-reported a regular menstrual
cycle with 10 or more monthly periods per year and a mean
onset of 12.0 ± 0.8 years. This age of menarche follows within
the estimated mean range of 12–13 years in Canada (Al-Sahab
et al., 2010).

Six levels of parental educational attainment were included
in the questionnaire (junior high or less, high school, technical,
undergrad, graduate or post graduate degree). The majority of
the racers came from families where both parents (parent 1; n =

93; parent 2, n= 86) had a level 4 educational attainment (36.5%,
n = 35; 27.1%, n = 26) or level 5 and 6 (above 39.7%, n = 37;
46.9%, n= 45) respectively.

Physical and Activity Participation
The questionnaire was designed to capture hours of physical
activity participation and categories of recreational activity.
The 38 recreational activities were listed alphabetically in
the questionnaire and included: Aerobics, Alpine skiing,
Badminton, Baseball, Basketball, Boxing (incl. kick), Cross-
country skiing, Cycling (road or mtn.), Dance, Dirt biking,
Diving, Field hockey, Figure skating, Floor hockey, Football,

TABLE 1 | Anthropometric characteristics separated by sex (N = 96).

(Mean, 95% CI)

Characteristic F n = 52 M n = 44

Age (yr.) 11.7 (10.5, 12.9) 11.9 (10.5, 12.9)

Height (cm) 151.5 (138.4, 160.5) 150.7 (137.1, 164.4)

Weight (kg) 41.7 (30.3, 49.6) 39.3 (27.4, 51.1)

WC (cm) 66.1 (58.8, 72.0) 65.3 (59.5, 74.1)

BMI (kg/m2) 18.1 (15.1, 20.3) 17.1 (14.6, 19.6)

PredictVO2max (ml/kg/min−1 ) 49.2 (45.8, 52.5) 50.2 (45.0, 55.4)

yr., year; cm, centimeters; kg, kilograms; kg/m2, kilograms per meters squared;

VO2 max, maximal oxygen uptake; ml/kg/min
−1, milliliters per kilogram per minute; 99%

CI, 99% confidence interval.
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Golf, Gymnastics, Hiking/Scrambling, Hockey, Horse riding,
Lacrosse, Martial arts, Rock climbing, Rollerblading, Rugby,
Running, Skate/long boarding, Snowboarding, Soccer, Squash,
Speed skating, Swimming, Tennis, Track and field, Volleyball,
Water polo, Weight training, Wrestling, with an additional
open ended category of “Other.” Other sports recorded by
the parents included: Climbing, Dryland Training, Kayaking,
Pickleball/Parkour, Summer Camp, Water Skiing, Yoga, and
not specified.

Past 6 Weeks of Sport and PA Participation Hours

Outside of PE Class
In the 6 weeks prior to the start of pre-season training (4
weeks of August and first 2 weeks of September), 95% of the
athletes (91/96) participated in sport or recreational activity
outside of their PE class. Three males and 1 female reported
that they did not, and one was blank. The majority (63.5%,
61/96) participated in 2–5 activities with a mean of 4.2 ± 2.4
(range 1–15) during this period. The most popular activities,
regardless of sex, were cycling-road/mtn (77%), swimming (53%)
and hiking/scrambling (45%) (see Table 2).

A range of hours per activity per week from 30min to
56 h was reported. Only a handful of questionnaires had the
level of intensity per activity session per week completed and
when recorded the ranges included 1–10 mild, 2–7 moderate,
and 1-vigorous.

Athletes who attended dedicated camps during the month of
August recorded large volumes of daily activity during a week.
These camps included: 1 week on site at the YMCA Camp
Chief Hector (56 h), swimming (12–21 h), cycling (15–20 h),
gymnastics (16 h), alpine skiing (13–15 h), volleyball (15 h), and

TABLE 2 | Athlete participation in sport and activity during the past 12 months.

Activity over past 12 months N = 96 %

Alpine Ski Racing 96 100

Cycling (road/mtn) 55 57.3

Swimming 48 50.0

Hiking/Scrambling 35 36.4

Running 31 32.3

Soccer 24 25.0

Golf, Horseback riding, Rock climbing 16 16.7

Basketball, 12 12.5

Volleyball, Weight training 10 10.4

Gymnastics, Roller Blading 8 8.3

Badminton, Baseball, Dance, Skateboard, Track and

Field

7 7.3

Marital arts 6 6.3

Floor hockey, Tennis 5 5.2

Aerobics, Diving, Figure Skating, Rugby 4 4.2

Cross-country skiing, Dirt Biking, Lacrosse, Squash,

Wrestling,

2 2.0

Football and Other 1 1.0

Boxing (incl. kick), ice hockey, field hockey,

snowboarding, speed skating, water polo

0 0.0

golf (15 h). Not all activities from the list of 38 were participated
in. This may be related to factors such as a lack of summer time
offerings, proximity to location and interest in these activities
(boxing including kick, ice hockey, snowboarding, speed skating
and water polo).

Past 12 Months of Sport and PA Participation Hours

Outside of PE Classes
In the 12 months prior to the start of the 2017 preseason training,
96% of the racers (n= 92/96) participated in sport or recreational
activity outside of their PE classes (see Table 2). One male
reported they did not, and three females left the section blank.
The mean number of sports participated in with the inclusion of
alpine skiing during the past 12 months was 5 (4.9± 2.8) and the
number per athlete ranged from 1 to 14.

The cumulative total hours over the past 12 months were
calculated from the hours per week multiplied by the number
of weeks the athlete participated in the activity. There was no
difference in PA participation between the male and female mean
total hours reported (M 44, 389 ± 239; F 52, 398 ± 241), but
the range was wider in the females (M 62–869; F 27–1,015 h)
respectively, over the past 12 months.

Alpine Skiing Sport Participation Hours
The mean total hours reported over the past 12 months for alpine
skiing in 91 athletes was 264.21 ± 170.2 (range 12–725). There
were 12 athletes who reported over 480 h and 3 females had over
650 h. Both females and males on average completed 20 weeks of
ski training (20.7 ± 7.69) with a range of 1–36 weeks, however
the number of hours per week varied depending on the program
category enrolled in. Racers select from 1 to 3 days per week
of ski training with different combinations such as 3 full days
which included both weekend days, or 2 full weekend days and
a few hours one evening, or both weekend days, or only 1 day
per weekend. The mean number of weekly hours was 13.43 ±

4.92 (range of 3–25), with females reporting slightly more (14.21
± 4.73; range of 5–36) then the males (13.32 ± 5.36; range 3–
24) hours. Some athletes participated in over 16 h per week of
ski training.

Injuries Were Reported by Activity Over a
Lifetime and Over the Past 12 Months
Concussion
The number of concussions reported over a lifetime was 13
(13.5%; 3/96) and in the past 12 months was 4 (4.3%; 4/96).
Males reported a higher prevalence of concussions (9/13) when
compared to females (4/13). Alpine skiing had the highest
prevalence of concussions (46.1%; 6/13) followed by mountain
biking (15.4%; 2/13) over a lifetime. No memory loss or dizziness
was reported however, those that did lose consciousness did so
within the range of 3–10 s. On average, the number of days
before return to sport was 14 (13.7 ± 6.5) with a range of 7–28
days. The majority of concussions were diagnosed by a physician
(69.2%; 9/13) and two females (15.3%) reported they suffered
from headaches post-concussion (see Table 3). Only one athlete
reported having two concussion (F) over a lifetime, both related
to playing tag during dryland training (2014).
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TABLE 3 | Reported concussions over a lifetime by sex separated by year,

activity, return to sport and diagnosis (n = 13).

Sex Year Activity Unconscious

seconds

RTS

days

Physician

DX

Headaches

M 2017 Mountain

biking

7 n

M 2017 Mountain

Biking

14 y

M 2017 Alpine

skiing

7 y

M 2016 Scooter 5 14 y

M 2016 Alpine

Skiing

Not

reported

14 n

M 2016 Alpine

Skiing

10 24.5 y

M 2014 Alpine

Skiing

3 7 n

M 2014 Hockey 14 y

M 2013 Not

reported

14 y

F 2017 Alpine

Skiing

28 y y

F 2014 Tag 14 y y

F 2014 Tag 7 y

F NR Alpine

Skiing

14 n

RTS, Return to Sport; DX, Diagnosed; NR, Not reported; No memory loss or

dizziness reported.

Non-concussive Injuries Reported by Activity
The number of non-concussive injuries reported over a lifetime
was 21.8% (21/96) and in the past 12 months was 16.6% (16/96)
(Tables 4, 5). The return to sport range was 1–365 and this was
influenced by two male athletes who required substantially more
days to recovery from fractures in their lower leg (112, 365 days,
respectively). As well, three injuries (back sprain, dental surgery
and painful ankle) were reported as continuing to be problematic
after resuming activities.

Twelve non-concussive injuries over a lifetime (12.5%; F = 7,
M = 6) were directly related to alpine skiing and the majority
were related to lower leg injuries (F 9.6%, 5/52; M 9.1% 4/44
respectively). Females reported 11 (21.1%; 11/52) non-concussive
injuries in the past 12 months and five were from alpine skiing
compared to males who reported five (11.3%; 5/44) in the past
12 months with three related to alpine skiing. Only one athlete
reported having two injuries (F), both related to walking in the
same year (2017).

Physician Diagnosis of Previous Fracture, Arthritis, or

Muscle Bone Condition
In addition to the above injuries, 15 fractures were reported with
no information related to the activity: 10 in females (2015, growth
plate in thumb and fibula; 2013 clavicle and left ankle, 2011 elbow
and wrist; no date ankle and wrist) and 5 in males (2017 open
growth plates, 2015 knee, 2014 arm and wrist). Therefore, the
total number of injuries inclusive of the above (previous fracture

TABLE 4 | Female non-concussive injury by year separated by body part and type

and activity (n = 13).

Date Body

part

Injury

type

Activity Treatment

description

RTS

days

2017-01-15 Wrist Sprain Alpine Skiing Physio 21

2017-02-01 Ankle Sprain Alpine Skiing Rest,

physio

4

2017-02-01 Knee Strain Cross-

country

skiing

Physio, ice,

pain meds

7

2017-02-10 Knee Sprain Alpine Skiing NR 60

2017-03-01 Ankle Sprain Gym Class Physio,

heat/ice

42

2017-03-03 Knee Tweak

[sprain]

Alpine Skiing Physio 14

2017-03-10 Knee Sprain Alpine Skiing Ice, pain

meds

N/R

2017-05-01 Ankle Sprain Climbing Ice 7

2017-07-01 Big toe Fracture Walking Rest 20

2017-07-04 Wrist Fracture Walking-fell Cast,

brace

14

2017-07-27 Mouth Teeth Baseball Surgery/

Stitches,

ice

15

2016-11-16 Knee MCL

Sprain

Alpine Skiing Physio 42

2016-10-06 Wrist Fracture Bouncy

Castle

Cast 12

RTS, Return to Sport; NR, Not reported; Physio, Physiotherapy.

15, concussion 13 and non-concussive injuries 21) reported over
a lifetime may be as high a 51.0%, (49/96).

Medical History Related Medication and
Supplements Use
The majority of the athletes (85.4%, 82/96) did not take
medication on a regular basis and those that did (14.5%, 14/96)
reported a medical and or health care professional diagnosis that
included cognitive disorders, depression, and reactive airways
and asthma (see Table 6). Male athletes (18.1%; 8/44) had
a greater number of reported attention (ADHD, ADD, or
combined; Dyslexia spectrum, Dyslexia and Dysgraphia) or
learning issues (coded or anxiety, slow working memory or
processing) when compared to females (11.5%; 6/52). The overall
frequency of a diagnosed respiratory condition was 12.5% (12/96)
with males (13.6%, 6/44) reporting slightly more cases than
females (11.5%, 6/52). Only one athlete was diagnosed in 2017,
the other cases were reported as occurring between 2007 and
2014 and were no longer considered active conditions.

In total, 53.1 % (51/96) of the athletes reported taking a
supplement, of which most were vitamins and minerals (see
Table 7). More females (59%; 31/52) took supplements when
compared to the males (45.4%; 20/44).
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TABLE 5 | Males non-concussive injury by year separated by body part, type and

activity (n = 8).

Date Body

part

Injury

type

Activity Treatment

description

RTS

days

2017-01-01 Neck Sprain Alpine Skiing Physio 7

2017-04-07 Tibia Fracture Alpine Skiing Cast,

Physio

112

2017-08-15 Leg Fracture Alpine Skiing Physio 365

2017-08-15 Back Sprain Trampoline Physio 1

2017-08-25 Foot Pain Jumping off

swing

NR NR

2016-12-30 Shoulder Sprain/

Bruise

Alpine Skiing Ice 2

2016-12-27 Knee Strain Alpine Skiing Physio,

Ice, pain

meds

48

2016-03-06 Shin Deep cut Alpine Skiing Stitches 21

RTS, Return to Sport; NR, Not reported; Physio, Physiotherapy.

TABLE 6 | Medical History Diagnosis (n = 20) and medication use (n = 14) over a

lifetime.

Diagnosis Medications reported

ADHD (4), ADD (1) Colchicine (1), Concerta (3), Vyvanse (1)

Learning Disorder (1) Amitriptyline (1)

ADHD (1), Dyslexia spectrum (1),

Dyslexia and Dysgraphia (1), Learning

disability with dysgraphia (1)

NR

Depression (2) Amitriptyline (1), Vyvanse (1), NR (1)

Diabetes (1) Insulin

Asthma (4), Allergy (1) Ventolin (2), Alvesco (1), NR (2)

NR (2) Advil (1)

ADHD, Attention deficit hyperactivity disorder; NR, not reported; ADD, Attention

deficit disorder.

Health Care Utilization of Practitioner and
Services
In the past 12 months 25% of the males (11/44) went to
emergency for a variety of reasons including but not limited to
a bruised shoulder, a fall, kidney issue, lip surgery, stomach pain,
and tibia fracture. Females (25%, 13/52) went to emergency for
similar reasons (asthma, concussion, face injury, headache (2),
knee injury (3), pneumonia, stomach pain, and wrist fracture),
however no females were admitted for an overnight stay. Over
their lifetime males (n= 5) had more surgery including repair of
undescended testicle and circumcision and ruptured appendicitis
that included a 5-night stay with a 42 day return to sport. Males
were also admitted for at least one night in the hospital that
included: ear, nose, and throat referral; concussion and asthma-
2-night stay.

A large portion of the athletes (69.2% F; 65.1%M) had contact
with their family physician in the past year. Females reported
a slightly greater number (n = 102) of allied health care, sport
medicine visits and x-rays appointments when compared to
males (n= 65) (see Table 8).

TABLE 7 | Reported use of supplements separated by sex.

Supplement F = 52 M =44

n % n %

Vitamin D 11 21.1 7 15.9

Multivitamin 9 17.3 5 11.3

Omega 3 3 5.7 2 4.4

Probiotics 1 1.9 3 6.8

Magnesium 2 4.5

Vitamin C 4 7.6

Vitamin A and B 1 1.9

Calcium 1 1.9

Melatonin 1 1.9

Iron Feramax 1 2.2

TABLE 8 | Practitioner utilization over the past 12 months (excluding hospitals

visits) separated by sex.

Practitioners and services F = 52 M = 44

n % n %

Physician—emergency room doctor 14 26.9 14 31.8

Physician—general practitioner/ family 36 69.2 28 63.6

Physician—sport medicine doctor 4 7.7 1 2.3

Surgeon 0 0.0 4 9.0

Physiotherapist 10 19.2 3 6.8

Chiropractor 8 15.4 3 6.8

Massage therapist 9 17.3 4 9.0

Athletic therapist 1 1.9 1 2.3

Magnetic resonance imaging (MRI) 2 3.8 0 0.0

Computer tomography (CT scan) 3 5.8 0 0.0

Radiographs (x-rays) 11 21.2 7 15.9

Other (please specify) 4

Total no of visits 102 65

DISCUSSION

We report on 96 athletes who represent 26.4% of the 363 ski
racers registered across all clubs in the AASA age groups of
U12 and U14 in 2017 (http://albertaalpine.ca/wp-content/
uploads/2017/05/AASA-Membership-Statistics-2017.pdf).
When compared to a group of provincial level Austrian ski racers
(mean age M 12.3 ± 1.2, F 12.4 ± 1.3 yrs.; body weight (kg) M
44.1 ± 9.2, F 46.8 ± 10.8; height (cm) M 153.6 ± 9.4, F 155.4
± 9.6; and BMI (kg/m2) M 18.5 ± 2.2, F 19.1 ± 2.6), our racers
(see Table 1), were younger, lighter and not as tall (Müller et al.,
2016). Younger age and a club style of training vs. attendance
at a full-time ski school academy likely contributed to these
differences in body composition.

Ski racers inWestern Canada are primarily supported by their
parents and coaches working in collaboration to ensure they
have the best opportunity to achieve their potential. The cost
burden of competing is paid entirely by parents through the club
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model typical of Canadian ski racing. Clubs are incorporated
under the Societies Act which permits some retained earnings but
otherwise requires dollars to be spent toward declared objectives.
These objectives include payment of coaches through salaries,
gym rental, on hill training such as lane space, equipment etc.,
and all of these costs are passed on to parents and subsequently
recovered from their registration fees. Therefore, have high levels
of education because of the association with better economic
outcomes is both common and a necessity for parents of racers.
This higher level of education and higher household income is
not just associated with ski racing (PBM, 2016), but with all sport
participation in Canada (Statistics Canada, 2013a,b).

Physical Activity Volume
The primary aim of this present study was to describe the
participation of all sport and physical activity outside of physical
education classes over three timelines: just prior to the start
of pre-season training, over previous 12 months and lifetime.
We know that Canadian children (ages 5–12 years) spend
a considerable amount of time participating in sports and
recreation activities, particularly in the summer months (CFLRI,
2009). These athletes were no different as observed by the
large range of activities which included several summer camps
within the 6 week period prior to start of the September
school year. In terms of commonly participated activities in
adolescents, the Canadian Sport Participation Report, lists soccer
followed by swimming and ice hockey (2010). However, our
athletes, regardless of whether they were female or male,
participated in cycling-road/mtn (77%), swimming (53%) and
hiking/scrambling (45%). These three activities are associated
with warmer weather in Alberta, which is more often in the
late summer months of August and September. Many of these
athletes also live within close proximity to the mountains,
which likely influence their participation in hiking and mountain
biking because of the associated physical and social-cultural
environment (Bolívar et al., 2010).

The daily recommended amount of physical activity (365
h/year) is not given as an accumulated index of exposure or
total volume over a 12 month period, which is a standard in
injury surveillance research (Nielsen et al., 2019). However, these
athletes self-reported just under 400 h of activity (range females
27–1,015; males 62–869 h), and therefore easily meet both the
World Health Organization (2010) and Canadian recommended
60min of daily PA for their age group (2018).

The athlete’s total participation hours included dedicated time
on snow (November-May), which from a skill acquisition is
important during the adolescent years based on Alpine Canada’s
program LTAD (2019). The Training and Competition Focus
Matrix states that U10 should have 10–15 days on snow with
50–65% free ski volume training and U14 should have 15–30
days on snow with 40–50% of their training time dedicated to
technical and tactical skiing skills. Our racers easily met these
criteria with an average of 20 days on snow and much of their
training involved off-piste skiing because of the positive snow and
terrain conditions in the Rocky Mountains.

To be a strong and fast skier at the elite level requires
participation in a variety of training forms outside of on snow
training (Gilgien et al., 2018). The current literature related to

young athletes also focuses on avoiding early specialization (Post
et al., 2017). Somewhat surprisingly, 15.5% (15/96) of the athletes
reported over 480 h of skiing over the previous year. Three of
these athletes (F) reported 650 plus hours of dedicated alpine
skiing, and this could be viewed as an excessive amount for 10–
14 year old’s, even if it is at a low intensity (Faigenbaum, 2019).
The highest total volume of PA at 1,015 h was reported by a
U14 female athlete which included the second most total hours
of alpine skiing (720 h). This athlete participated in a variety of
activities that included badminton (5 h), figure skating (30 h),
golf (192 h), tennis (15 h), and weight training (32 h). Like others
she also did cycling (20 h) and running (1 h). She sustained a
lower body injury (MCL strain) in the following year (2018) that
required 4 weeks of physio before she returned to activity. Launay
(2015) states that overextending physically, can result in overuse
injuries to the musculoskeletal system and perhaps this large
volume in weekly sports and activities in combination with ski
training and competition contributed to her injury. This outcome
is supported by Räisänen et al. (2016) in a study that showed
higher PA participation frequency and intensity increased the risk
of injury and that injury prevalence was typically highest in sports
club activities (2016).

Fundamental Movement Skills
Developing skiers require a large FMS repertoire which includes
training of coordination /motor control, balance and quickness.
This type of “training smarter” involves off snow imitation of
skiing associated with a variety of activities such as cycling,
running (on uneven terrain) and soccer (football) (Raschner
et al., 2004; Gabbett, 2016). All ski clubs in this study encouraged
athletes to participant in activities outside of skiing and the
mean number of those participated in by our athletes was four.
Clubs also incorporated strength and balance activities into their
dryland and preseason training programs beyond just running
and games of soccer. Recent research states that cycling, one of
the favorite activities among our athletes not only contributes
to balance but is also a cognitively-engaging exercise and has a
stronger effect on executive function when compared to other
aerobic exercise (Best, 2010; Leyland et al., 2019). Therefore,
the athletes in the ski club system were exposed to a variety of
activities outside of on-snow training, helping to develop their
FMS proficiency, which is advocated for in the Canadian Alpine
LTAD model.

Injuries
The secondary aim of this study was to provide insight into
the injuries reported and health indicators in adolescent youth
ski racers over the past 12 months or a lifetime. In Canada,
two out of three (66%) injuries among adolescents reportedly
are linked to sport and this age group has a higher percent
of fractures (21%), lower limb (33%) hand and wrist (22%)
injuries when compared to older adults in Canada (Billette
and Janz, 2015). Most growth plate fractures happen from
falling and twisting and are common in fast moving sports
such as skiing and biking (Malina et al., 2004). Therefore, it is
not surprising based on our athletes’ activities that there were
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several reported cases of these injuries (see Tables 4, 5) with the
knee and ankle as the most common locations (Malina et al.,
2004).

It is interesting to note that ice hockey, rugby and ringette
are sports with the highest proportion of brain injuries among
children aged 5–19 years (CHIRPP, 2018). Due to a growing
concern around concussion management in youth alpine skiing,
the AASA implemented an updated concussion policy effective in
the 2016–17 seasons. This policy stated that if a coach suspected
a concussion then the athlete should be immediately removed
from the hill and their pass suspended until physician clearance
was received by the organization. It also mandated coach
education and required parents to sign that they acknowledge
the policy. This may have resulted in greater awareness and
as such the number of concussions (4%) reported by athletes
was considerably less than other non-concussive injuries (16.6%)
reported in 2017.

Diagnosis of Attention Deficit-Hyperactivity Disorder

(ADHD) and Learning Issues
Sports in general provide a positive experience for adolescents
with ADHD with evidence showing a statistically significant
decrease in markers of anxiety and depression with higher
levels of sports participation (Kiluk et al., 2009; Perrin and
Jotwani, 2014). The male athletes had a greater number
of reported attention or learning issues when compared
to females in our study. The prevalence of ADHD in
student and elite athletes is between 7 and 8% (Han et al.,
2019) with symptoms often surfacing just prior to the
age of 12 (Thomas et al., 2015). Given that there is a
positive experience with sport participation the prevalence in
youth athletes maybe greater than in the general population
(Poysophon and Rao, 2018). To the best of our knowledge
this is the first reporting of the prevalence ADHD in young
alpine skiers.

Reactive Airway and Asthma
Airway disease has been reported in the literature as the most
frequently encountered chronic respiratory condition in athletes
(Hull et al., 2012) however, there are only a few reported studies
related to alpine skiing. The prevalence of exercise-induced
asthma (EIA) or exercise-induced bronchoconstriction (EIB)
occurs in about 15% of cross-country skiers in comparison with
a <4%, in alpine skiing and ski jumping despite training in
similar weather conditions (Karjalainen et al., 2000). Asthma is
the most common chronic disease affecting children in Alberta
and EIA is a general concern during growth and development
according to The Wellbeing Report of Canada’s Young Children
(2011). Our athletes reported a frequency (12.5%), more similar
to cross-country skiers however Alberta is known for very dry air
conditions. Therefore, it may not be unexpected to have a greater
prevalence of EIA or reactive airway conditions in young alpine
skiers given the amount of time they spend in the outdoors.

Supplements
Supplemental vitamin and mineral (VM) use are common
among adult Canadians, and more prevalent among those
with healthier lifestyles and of socio-economically advantaged

backgrounds (Guo et al., 2009). According to Health Canada:
(2015) supplement use in those aged 9–13 years is 36.8% and
teenage females use more than males (32.9% vs. 26.5%). The
province of Alberta has the highest rate of VM supplemental use
among children and teenagers at 54.1% (Health Canada, 2015).
Our study results demonstrate similar trends as the above with
over the half the athletes (53.6%) taking supplements and female
(59%) consuming more than the males 46.5%.

Utilization of Practitioners and or Services
Previous research shows that participating in organized sports is
a major risk factor for hospitalization throughout adolescence
(Mattila et al., 2009) and the Canadian sport and athletic
statistics identify males as being hospitalized more often due
to injury than females (National Ambulatory Care Reporting
System 2017–2018, 2019). A similar a pattern of emergency
room visits occurred with our athletes but with limited overnight
stays and those that were hospitalized included only males
(CIHI, 2019). The emergency room visits involved sport and
activity related injuries as well as a variety of other health
reasons. Given our athletes ages this is not unusual as the top
pediatric visits, other than injuries, typically include poisonings,
breathing problems, neurological, infections and gastrointestinal
problems; all of which, with the exception of poisoning these
athletes experienced.

The majority of the athletes (68%, n = 64) visited their family
physicians in the past year. This was slightly greater than the
Canadian frequency of 60% in the age group of 12–17 years old
(Statistics Canada, 2018). Generally, provider contact in this age
group is related to non-preventative care visits vs. preventive
care visits (Nordin et al., 2010), and many of the athletes in this
study saw other providers for a variety of treatment care (athletic
therapist, chiropractor, massage therapist and physiotherapist).

STRENGTHS AND LIMITATIONS

To the best of our knowledge, this is one of only a few studies
(Müller et al., 2017c), investigating self-report PA, injury and
illness health surveillance data in this age group of alpine
skiers. However, information bias often accompanies self-report
data and previous literature has shown that a short recall
period is preferable to a long one, particularly when asking
participants about routine or frequent events (Althubaiti, 2016).
Our questionnaire had three time periods which may have
resulted in overlap of the reporting and given this we should
have paid more attention educating parents on how to complete
the forms. This may have reduced some of the missing data and
improved the quality of data particularly related to intensity of
activity, which was poorly filled in.

We recognize that the alpine skiing community is interested
in understanding the impact and timing of training load which
has been identified as a valuable modifiable risk factor for
injury (Gabbett, 2016). Our volume calculation of PA was based
on the number of hours spent each week in ski training and
other recreational physical activities outside of PE classes, and
is at best a crude approach, although practical. However, if
volume could be combined with a perceived exertion rating,
determination of training load could occur (Wallace et al.,
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2017). This combination of volume and intensity of activity
(total load) should be considered since many 10–14 year old
athletes are entering their growth period which is associated
with an increased risk of overuse injuries (Bahr, 2014; Jayanthi
et al., 2015). Feasibility is also important and therefore future
research should consider wearable devices to measure PA volume
objectively with accelerometers and or in combination with a
Global Positioning System so to measure how individual training
loads change over time (Drew and Finch, 2016).

Lastly, the use of common measures for the assessment
of modifiable risk factors and health outcomes is necessary
for future comparison. In this cross-sectional study the
data collection occurred through each ski club, which was
very labor intensive from the researchers and the club
personnel perspectives. Similar to previously published studies
in winter sports (Niedermeier et al., 2019), we acknowledge
the limitations connected to a cross-sectional study based on
self-reports (e.g., impossible to assess causal relationships, non-
truthfully answered questions, or a potential recall bias). The
implementation of a centralized system through the ASSA or
Alpine Canada Association with an online version of the baseline
medical questionnaire would streamline the process.

CONCLUSION

In conclusion, adolescent alpine ski racers in Western Canada
were exposed to many hours of physical activity and participated
in several different sports outside of ski training and physical
education classes; all of which contribute to their fundamental
movement skills. The accumulated volume of physical activity
from ski training over the previous 12 months and all other
physical activities was higher than the Canadian recommended
guidelines of 60min of daily PA for their age group (2018).
This study did not report on intensity of physical activity
and therefore future research should consider monitoring the
combination of volume and intensity to identify whether this
age group of ski racers could be at risk of overextending
themselves physically.

The outcomes from the baseline medical questionnaire
highlighted a typical pattern of injuries, common health
issues and practitioner visits related to this age group when
compared to the population at large. However, athletes that
suffered an injury did lose participation hours particularly

when related to lower leg injuries, and therefore strategies to
prevent these injuries is an important consideration (Öztürk
and Kılıç, 2013). Future research directions should consider
an easily accessible on-line health and injury surveillance
questionnaire in combination with wearable technology so
as to better quantify training load across all sport and
physical activities in 10–14 year-old Canadian alpine ski
club racers.
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This study used wireless technology to investigate joint kinematic characteristics of the

four alpine skiing disciplines. Knee and hip angles were measured in 20 national team

alpine skiers during 253 ski runs under FIS regulation, including: 85 Slalom (SL), 123 Giant

Slalom (GS), 29 Super Giant Slalom (SG), and 16 Downhill (DH). Data were analyzed by

outside (OL, n = 2,087) and inside leg (IL, n = 2,015). The proportion of concentric and

eccentric phases (extension and flexion respectively for the knee extensors) as well as

the proportion of the quasi-isometric phase defined between ±20◦.s−1 depended on

the discipline in interaction with the IL/OL (p < 0.001). The results showed a lower knee

quasi-isometric duration on OL in SL (11%) than other disciplines (DH: 38%; SG: 42%;

GS: 34%, p < 0.001, d > 1.8), suggesting a highly dynamic style. Quasi-isometric mode

was significantly longer on OL than IL in GS (34 vs. 20%, p < 0.001, d = 1.16) and SG

(42 vs. 28%, p < 0.001, d = 1.11) but was significantly longer on IL than OL in SL (19

vs. 11%, p < 0.001, d = 0.64). Thus, GS and SG showed similarities, with a significantly

faster knee eccentric mean angular velocity on IL compared to OL (GS−58 vs.−54◦.s−1,

SG −52 vs. −45◦.s−1, p < 0.001, d ≥ 0.22) whereas SL showed an opposite pattern

(−72 vs. −89◦.s−1, p < 0.001, d = 1.10). The quasi-isometric phase was overlooked

in previous studies but is crucial to consider. The current data may be used to train the

outside and inside leg specificities incorporating discipline-specific contraction modes

and exercises.

Keywords: winter sports, angular velocity, knee angle, knee injury prevention, quasi-isometric contraction

INTRODUCTION

The muscular work of the skier was historically described at slow angular velocity during knee
flexion (eccentric work of the knee extensors) and extension phases (concentric work of the
knee extensors) (Berg et al., 1995). Eccentric contractions resist the compressive forces while
traveling down the slope and were previously reported as both longer and of higher intensity
than the concentric actions during turns (Berg et al., 1995). However, equipment design and
movement pattern have markedly changed during the last decades, especially with the introduction
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of parabolic skis (carving) (Raschner et al., 2001). These
developments have brought this eccentric predominance into
question as quasi-isometric and concentric components have
been described during carved turns (Kröll et al., 2015a; Minetti,
2016). For example, it was suggested that the bi-articular rectus
femoris maintained a nearly constant length in female practicing
recreational ski whereas the vastus lateralis lengthened during the
first phase of inside leg (IL) turn (eccentric work), then shortened
during the edge change phase (concentric work) and contracted
isometrically on the subsequent outside leg (OL) phase (Kröll
et al., 2010). The evolution in the joint kinematic aspects of the
ski turn with ski carving has been described in Giant Slalom (GS)
(Kröll et al., 2015a) but never in the speed disciplines.

Alpine skiing includes four disciplines, with most skiers
specialized in technical [Slalom (SL) and GS] or speed disciplines
[Super Giant (SG) and Downhill (DH)] (Gilgien et al., 2018b).
The GS often serves as a midpoint between SL and SG/DH
(Turnbull et al., 2009) due to the technological limitations in
recording speed disciplines. Yet, the principles of “kinematic,
kinetic, and neuromuscular correspondence” and “coordinative
affinity” (Kröll et al., 2015a) should be taken into consideration
for sports-specific training; therefore, exercises must be similar
to the movements characterizing the discipline (Müller et al.,
2000). Ski-specific exercises for technical training include inline
skating (Zeglinksi et al., 1998; Kröll et al., 2005), eccentric bike
(Gross et al., 2010), or practice on ski ergometers (Panizzolo
et al., 2013; Moon et al., 2015; Stöggl et al., 2018). However,
DH skiers may require more prolonged isometric maximum-
and endurance-force training whereas SL skiers have a greater
need for explosiveness with higher rate of force development and
dynamic style (Kröll et al., 2015b).

A “quasi-static” component to skiing was already suggested
in the technical disciplines due to evidence of thigh muscles
co-contraction (Hintermeister et al., 1995). Nevertheless, the
quasi-isometric phase was overlooked in the old studies using
a double partition of concentric vs. eccentric phases defined
between minimal and maximal or maximal to minimal knee
joint angles, respectively (Berg et al., 1995; Berg and Eiken,
1999). In addition, previous studies concentrated on the outside
phase of experimentally controlled ski cycles (Berg et al., 1995;
Hintermeister et al., 1995; Berg and Eiken, 1999) and limited
kinematic information is available on the IL (Kröll et al., 2010,
2015a,b), despite the recognized importance of leg independence
in alpine skiing (LeMaster, 2010). In this manuscript, we refer
to the “quasi-isometric, eccentric and concentric” phases of the
ski cycle at the macroscopic knee joint level which may reflect
the behavior of the muscle-tendon unit for the monoarticular
muscles (vastii), but not for the polyarticular muscles (rectus
femoris and hamstrings) which are impacted by the hip position
(Hawkins and Hull, 1990).

In summary, given the distinct nature of the
eccentric/concentric/isometric contraction regimens (Higbie
et al., 1996), and in the absence of joint kinematic comparison
between disciplines, it appears necessary to study the contraction
modes and angle-related parameters specific to leg and discipline
in order to reproduce its characteristics during dryland trainings.
In this context, the knee angular behavior has been suggested as

one of the most important parameters for performance, albeit
highly variable when measured at minimum radius of the turns
in SL (Pozzo et al., 2010). Recent developments in technology
including wireless sensors and miniaturized datalogger have
made it possible to continuously record angular behavior during
complete ski runs. Therefore, the aim of the current study was
to investigate the joint kinematic characteristics of elite alpine
skiers according to leg and discipline. It was hypothesized that
the discipline and leg will affect the knee and hip angles, the
angular velocities and the contraction mode durations. It was
further hypothesized that a marked quasi-isometric component
would be evidenced in the speed disciplines compared with the
technical disciplines.

MATERIALS AND METHODS

Participants
Twenty French national team alpine skiers [9 females (23 ± 2
years, 169 ± 5 cm, 64.3 ± 4.7 kg) and 11 males (24 ± 5 years,
178± 7 cm, 76.2± 7.0 kg)] participated in this study. Skiers were
competing in either World Cup (n = 13) or Europa Cup (n =

7), as Technicians (n = 15) or Speed Specialists (n = 5), with an
average FIS points of 12 ± 7 (the lower the better). The study
was approved by the university ethics board and participants
provided written informed consent prior to commencement. All
procedures conformed to the standards of the Declaration of
Helsinki. Participants were provided with priormedical clearance
to compete.

General Procedure
Hip and knee angles as well as center of mass acceleration
were synchronously measured during 253 ski runs (85 SL, 123
GS, 29 SG, and 16 DH), whilst participants followed their
regular ski training program. A total of 49 skier-sessions were
obtained corresponding to the triplet “skier, day of testing and
discipline.” All data were collected during 2 consecutive winter
seasons (2016-2017), in the ski resort of Cerro Castor (Ushuaïa,
Argentina). Athletes skied in accordance with FIS regulations
including using their own equipment and every run (turn length
and gate offset) was timed.

Measurements
Measurement of Angles
Electrogoniometers (SG150, Biometrics, Newport, UK) were
positioned on the right knee and hip. The goniometers were
individually calibrated on the participants the day before the ski

run using a video analysis (kinovea©, www.kinovea.org) based
on three positions (standing, seated, crouched) and their location
was marked with an indelible marker. Data were recorded at
148.15Hz via a portable wireless data logger (TPM, Trigno
Personnal Monitor, Delsys) using a wireless Trigno Goniometer
Adapter (Delsys, Boston, USA). In the absence of filtering
consensus in the ski literature, a lowpass filter (4th order,
Butterworth) with a cut-off frequency set at 1Hz was retained
after inspection of the data with Fast Fourier Transform and
logarithmic Bode plots (Figure 1). During SL, this strong filtering
induced a discrete mitigation of the angle amplitude without
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FIGURE 1 | Example of raw and filtered signals in the four alpine disciplines (SL Slalom, GS Giant Slalom, SG Super Giant, DH Downhill). (Left) Raw (V) knee angle

(blue) and filtered signal (red) in the temporal domain. (Right) raw knee angle (blue) and filtered signal (red) in the spectral domain (Fast Fourier Transform) of the

amplitude spectral density expressed in V/
√
Hz.

aliasing (Figure 1), as the 0.5Hz spectral component was reduced
by 0.5 dB only (i.e., 5% amplitude reduction). Importantly, the
chosen filter was very selective (−80 dB/decade), representing
a good compromise to protect the useful signal (mean natural
frequencies: SL 0.54Hz, GS 0.34Hz, SG 0.25Hz, DH 0.21Hz)
while removing the noise of the unwanted vibrations (2Hz noise
reduced by 24.5 dB, i.e., 94% amplitude reduction Figure 1). The
phase/frequency relationship of the transfer function filter was

constantly equal to zero meaning that there was no temporal
distortion as no delay occurred at any frequencies.

Cycle Determination
The TPM was located on the skiers abdomen under the
racing suit and tri-axial acceleration was recorded at 148.15Hz,
from which the resultant acceleration (AccR) was determined:
AccR (g) =

√

x2 + y2 + z2. The AccR was low-pass filtered
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(fourth-order Butterworth filter with a cut-off frequency of 1Hz).
The minimal (inflection point of the signal derivative) was used
to automatically detect the turn switch (Supej et al., 2003; Fasel
et al., 2016). This offered good turn detection in all disciplines
without noise contamination by the vibrations of the material
and/or the slope, as frequencies over 2Hz have been identified
as undesirable vibrations during carving (Nemec et al., 2001).

The data were time-normalized to 100% of each IL/OL. The
first/last cycles and the figures (double or triple gates, banana,
jumps) were discarded from the analyses to account for the push-
off phase and remove the specific characteristics of the figures.
Maximal acceleration was not reached after the first gate but
the knee angle curves were already in the variability range of
the following cycles after two turns (one cycle). There were a
few occurrences of goniometer’s signal issues (e.g., broken after
pole contact) and the corresponding data were systematically
discarded. A total of 2087 OL/2015 IL were analyzed for the knee
including 686/639 SL, 1113/1157 GS, 221/166 SG, and 67/53 DH.
A total of 1599 OL/1581 IL were analyzed for the hip including
482/465 SL, 948/988 GS, 151/104 SG, and 18/24 DH.

Data Analysis
The minimum and maximum angles were computed on the IL
and OL for the right knee and hip. As skiing involves resisting
gravity and compression, the movement of flexion was assumed
to occur in eccentric mode and extension in concentric mode for
the knee extensors (Berg et al., 1995; Federolf et al., 2009; Kröll
et al., 2015a). Indeed, due to centripetal forces the skiers muscles
are loaded eccentrically and the control of the kinetic energy
occurs via eccentric muscle activity (Vogt and Hoppeler, 2014).
This seems to be an inherent principle of alpine skiing (Vogt
and Hoppeler, 2014). However, during knee flexion, a relaxation
of the quadriceps without eccentric activity could theoretically
occur. Interpretation of the contraction regimen without EMG
activity must therefore be done considering this simplification
is often observed in the ski literature (Berg et al., 1995; Federolf
et al., 2009; Panizzolo et al., 2013; Kröll et al., 2015b).

The first derivative of the knee angle was used to compute
the angular velocity and to define the contraction regimen
phases. Angular velocities between ±20◦.s−1 were defined as
quasi-isometric, containing both slow eccentric and concentric
motions. Angular velocities below and above this window (range
= 40◦.s−1) were defined as eccentric and concentric, respectively.
In other words, a knee flexion contains a slow eccentric motion
and a knee extension contains a slow concentric motion both
classified as quasi-isometric contraction. Lastly, the minimum
and maximum angles were also used to describe the flexion and
extension phases (Table 2) to allow comparison with previous
literature (Berg et al., 1995; Nilsson and Haugen, 2004; Panizzolo
et al., 2013).

The absolute (in ms) and relative durations (in % of cycle
duration) spent in eccentric (flexion, angular velocity<-20◦.s−1),
concentric (extension, angular velocity >20◦.s−1), or quasi-
isometric mode (angular velocity between −20 and +20◦.s−1)
were analyzed. The maximal and mean eccentric and concentric
angular velocities were then computed. Two-dimensional density
plots were realized for IL and OL in each discipline. They were
created using bivariate histograms to examine at which angular

position a given angular velocity mainly occurred. A linear
color scale intensity was used to show maximum occurrence
normalized per turn phase within each discipline (Figure 2).

Statistics
Due to the repeated observations, the measurement
independence condition is not fulfilled and a classical analysis of
variance cannot be applied. Consequently, a mixed linear model
was fitted with a random effect on the skier-session (ID) factor.
Fixed effects were analyzed for discipline (DH, SG, GS, and SL)
and leg (IL, OL) along with the interaction between these two
effects using the following model: Y ∼ Discipline + IL_OL +

Discipline x IL_OL + (1|ID). For the maximum and minimum
angles, the values were extracted from the OL and IL, respectively
and analyzed as Y ∼ Discipline + (1|ID). This method accounts
for data autocorrelation due to the repetition of runs, the
intermittent missing data after database cleaning, the unbalanced
design between disciplines, and the unequal numbers of IL/OL
(Cnaan et al., 1997). Data were log-transformed in case of non-
normal distribution (Manning and Mullahy, 2001). Significance
of both the simple and interaction fixed effects was evaluated
with an analysis of variance (Restricted Maximum Likelihood -
REML - estimation). After fitting the linear mixed-effect model,
post-hoc comparisons were performed among groups with Tukey
multiplicity correction. All statistical comparisons were coded
in R (R Foundation for Statistical Computing, Vienna, Austria)
using the lmerTest package (Kuznetsova et al., 2017). Estimated
marginal means and post-hoc tests were calculated with emmeans
package (Lenth, 2019). Effect sizes for the post-hoc pairwise
comparison were calculated as Cohen’s d for mixed linear model
and evaluated as small (≥0.20), medium (≥0.50), and large
(≥0.80) (Westfall et al., 2014; Brysbaert and Stevens, 2018). Data
were expressed in mean ± standard deviation. Significance was
set at p < 0.05 and trends were discussed when p < 0.10.

RESULTS

Angles and Mean Angular Velocity
An example of each alpine skiing disciplines is graphically
represented along with the contraction regimen (Figure 3).

The effect of discipline was not significant for the knee max
angle on OL (p = 0.070) or the min angle on IL (p = 0.161)
(Table 1). The hip max angle on OL depended on discipline (p
= 0.014) with a trend for lower values in DH and SG than GS
and SL (p < 0.090). The min hip angle on IL did not depend on
discipline (p= 0.117) (Table 1).

The mean knee and hip angular velocities beyond ±20
◦
.s−1

showed an interaction between discipline and leg (p < 0.001)
(Table 1). Post-hoc analyses showed that the knee concentric
velocity was higher in SL than other disciplines on OL (p< 0.001,
large effects d > 1.27), but not IL (p > 0.638, d ≤ 0.25; except a
trend for SL vs. DH p = 0.073, medium effect d = 0.79). The
knee concentric velocity was faster in GS than DH on IL (p =

0.027, large effect d = 0.93), with only a trend on OL (p = 0.070,
medium effect d = 0.75, Figure 4, Table 1). The hip concentric
velocity on OL was higher in SL than GS (p= 0.020, large effect d
= 1.12) and tended to be higher in SL than DH (p = 0.094, large
effect d = 2.34), without differences on IL (p > 0.382, d ≤ 1.56,
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FIGURE 2 | 2D distribution of the knee angular position (y-axis) and velocity (x-axis) for Slalom (SL), Giant Slalom (GS), Super Giant (SG), and Downhill (DH). This

representation shows at which angular position a given angular velocity mainly occurred. Deep blue is 0 (no occurrence), dark red is maximum occurrence within the

discipline and leg (linear color scale, arbitrary units). IL, inside leg; OL, outside leg.

Figure 4, Table 1). In addition, the concentric angular velocity
was faster on OL than IL for the knee in SL (p < 0.001, large
effect d= 1.36), and for the hip in SL and SG (p≤ 0.025, small to
medium effects d≥ 0.28); but was faster on IL than OL for the hip
in GS (p< 0.001, trivial effect d= 0.19); without other differences
(p > 0.231, d ≤ 0.21, Figure 4).

The knee eccentric velocity was significantly higher in SL than
other disciplines on both legs (p < 0.001, large effects d > 0.90,
Figure 4), and was also higher in GS than SG on OL (p = 0.018,
medium effect d = 0.57) but not IL (p = 0.218, small effect d =

0.35). The hip eccentric velocity tended to be higher in SL than
GS on OL (p = 0.084, medium effect d = 0.78) but not IL (p =

0.775, trivial effect d = 0.19). In addition, the eccentric angular
velocity was faster on OL than IL for both the knee and hip in SL
(p < 0.001, large effect knee d = 1.10, small effect hip d = 0.41);
but were faster on IL than OL for the knee in GS, SG, and DH,
and for the hip in GS (all p < 0.001, small to medium effects 0.22
≤ d ≤ 0.56; except knee in DH p = 0.051, small effect d = 0.34,
Figure 4).

The above variables were also calculated without accounting
for the quasi-isometric phase (i.e., concentric and eccentric
phases based on minimal and maximal knee angles according to
Berg et al., 1995) and are presented in Table 2.

Absolute Duration of the Concentric,
Eccentric, and Quasi-Isometric Phases
The absolute duration of the concentric, quasi-isometric, and
eccentric phases showed an interaction between leg and

discipline (p < 0.001). Both legs followed a similar pattern with
numerous shorter absolute durations in SL than GS, in GS than
SG, and in SG than DH, but with a fewminor differences between
legs (Figure 5, Table 1). The concentric mode lasted longer on
OL than IL for the knee and hip in SL (small effects d≤ 0.41), but
lasted longer on IL than OL for the knee in GS and SG (medium
effects 0.64 ≤ d ≤ 0.72), and for the hip in GS (large effect d =

0.99) (all p < 0.001). The quasi-isometric mode lasted longer on
OL than IL for both the knee and hip in GS and SG (all large
effects d ≥ 0.90, except hip in SG medium effect d = 0.51), but
lasted longer on IL than OL for both the knee and hip in SL
(small effects 0.33 ≤ d ≤ 0.38) and DH (medium to large effects
0.53 ≤ d ≤ 1.17) (p < 0.006). The eccentric mode consistently
lasted longer on IL than OL for the knee in GS and SG (medium
effects 0.69≤ d≤ 0.75), and for the hip in GS (medium effect d=
0.68), SG (small effect d = 0.45), and DH (large effect d = 1.67)
(Figure 5, p < 0.001).

Relative Duration of the Concentric,
Eccentric, and Quasi-Isometric Phases
The relative concentric, quasi-isometric and eccentric durations
in percent of the turn showed an interaction between leg and
discipline (p < 0.001, Table 1). The relative proportion of knee
concentric activity was higher in SL than GS and in GS than SG
on both OL (medium to large effects 0.59 ≤ d ≤ 1.61) and IL
(small to medium effects 0.32 ≤ d ≤ 0.56) (p < 0.019), but was
equivalent in DH than SG (and thus lower to GS, p = 0.015,
medium effect d = 0.60) on IL and equivalent in DH than GS
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FIGURE 3 | Example of 1 cycle (inside leg, IL and outside leg, OL) for 1 skier-session per discipline expressed in absolute time (s). SL, Slalom; GS, Giant Slalom; SG,

Super Giant; DH, Downhill. The gray-shaded areas represent the eccentric (light gray), concentric (dark gray), and quasi-isometric (white background) phases of the

knee.

(and thus higher than SG, p = 0.035 medium effect d = 0.52) on
OL. The relative proportion of hip concentric activity was higher
in SL than other disciplines on OL (p < 0.001, large effects d
> 1.24), but was higher in GS than other disciplines on IL (p
< 0.021, small effects vs. SL d = 0.45, large effects vs. SG and
DH d > 0.97) (Figure 5, Table 1). In addition, the percentage of
concentric time was higher on IL than OL for the knee in SG
and GS (medium effects 0.58 ≤ d ≤ 0.61), and for the hip in
GS (large effect d = 0.94); but was higher on OL than IL for the
knee and hip in SL (p < 0.017, medium effects 0.71 ≤ d ≤ 0.75,
Figure 5).

The relative proportion of knee quasi-isometric activity was
lower in SL than other disciplines (large effects d > 1.86) and
lower in GS than SG (medium effect d= 0.63) on OL (p< 0.001),
and was lower in SL and GS (trivial effect d = 0.06, p < 0.001)
and in SG and DH (p = 0.059, large effect d = 0.80) on the IL.
The relative proportion of hip quasi-isometric activity was lower
in SL than other disciplines on OL (p < 0.001, large effects d >

1.61); but was lower in GS than DH and SG, plus lower in SL than
DH on IL (p < 0.040, large effects d > 1.00) (Figure 5, Table 1).
The percentage of quasi-isometric time was higher on IL than OL
for the knee and hip in SL (medium effects 0.64 < d < 0.65), but
was higher on OL than IL for both the knee and hip in GS and SG
(all large effects d ≥ 1.08, except hip in SG small effect d = 0.33)
(p < 0.014, Figure 5).

The relative proportion of knee eccentric activity was higher
in SL than other disciplines on OL (p < 0.002, medium to large
effects d > 0.64), and lower in DH than other disciplines on
IL (p < 0.024, large effects d ≥ 0.87) (Figure 5, Table 1). The
relative proportion of hip eccentric activity was higher in SL
than other disciplines on OL (p < 0.002, large effects d ≥ 1.02),
without statistical differences between disciplines on IL (p >

0.164, despite large differences between DH vs. GS and SL d
≥ 1.15) (Figure 5, Table 1). The percentage of eccentric time
was higher on IL than OL for the knee in GS and SG (medium
effects 0.70 ≤ d ≤ 0.78), and for the hip in GS, SG, and DH
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TABLE 1 | Angles related parameters according to Leg and Discipline including a quasi-isometric phase between ±20◦s−1.

Joint Inside Leg Outside Leg

DH SG GS SL DH SG GS SL

Angle (◦) Knee Min IL/Max OL 58 ± 9a 60 ± 8a 64 ± 9a 67 ± 12a 128 ± 17a 127 ± 8a 132 ± 9a 129 ± 11a

Hip Min IL/Max OL 66 ± 3a 70 ± 6a 90 ± 18a 93 ± 21a 89 ± 6a 106 ± 9a 128 ± 18a 126 ± 15a

Mean angular

velocity

Knee Concentric 50 ± 19a 59 ± 16ab 65 ± 16b 63 ± 19ab 52 ± 20a 57 ± 14a 65 ± 19a 86 ± 22*b

Eccentric 52 ± 18(*
a ) 52 ± 15*a 58 ± 15*a 72 ± 15b 46 ± 17ab 45 ± 12a 54 ± 16b 89 ± 21*c

Hip Concentric 28 ± 5a 36 ± 11a 43 ± 14*a 48 ± 21a 26 ± 4ab 40 ± 9*ab 41 ± 14a 55 ± 19*b

Eccentric 27 ± 4a 33 ± 8a 39 ± 12*a 38 ± 14a 26 ± 4a 31 ± 7a 34 ± 10a 42 ± 14*a

Absolute duration

phase (ms)

Knee Concentric 793 ± 342*d 633 ± 239*c 553 ± 147*b 375 ± 123a 748 ± 368c 526 ± 195b 458 ± 148a 426 ± 81*a

Quasi-iso 1042 ± 646d 588 ± 380c 298 ± 219b 175 ± 111*a 919 ± 534c 858 ± 354*c 506 ± 263*b 99 ± 62a

Eccentric 791 ± 416c 776 ± 213*c 625 ± 173*b 372 ± 126a 726 ± 309c 646 ± 272c 494 ± 206b 367 ± 89a

Turn duration 2626 ± 643*d 1998 ± 390c 1477 ± 255b 922 ± 144*a 2394 ± 548d 2030 ± 387c 1459 ± 216b 892 ± 134a

Hip Concentric 338 ± 293ab 402 ± 191b 459 ± 191*b 248 ± 119a 349 ± 299ab 414 ± 200b 301 ± 181a 315 ± 107*a

Quasi-iso 2407 ± 584*d 1113 ± 446c 552 ± 364b 355 ± 218*a 2078 ± 423d 1254 ± 392*c 803 ± 319*b 249 ± 172a

Eccentric 485 ± 309*ab 500 ± 229*b 468 ± 218*b 333 ± 197a 169 ± 199a 414 ± 246a 339 ± 214a 345 ± 151*a

Turn duration 3230 ± 469d 2015 ± 352c 1480 ± 249*b 936 ± 156*a 2597 ± 588*d 2083 ± 38*2c 1443 ± 200b 909 ± 135a

Relative duration

phase (% cycle)

Knee Concentric 32 ± 15a 32 ± 11*a 37 ± 9*b 41 ± 13c 31 ± 14b 26 ± 9a 32 ± 11b 48 ± 7*c

Quasi-iso 38 ± 21b 28 ± 15b 20 ± 13a 19 ± 11*a 38 ± 18bc 42 ± 15*c 34 ± 16*b 11 ± 5a

Eccentric 30 ± 14a 40 ± 11*b 43 ± 11*b 40 ± 12b 31 ± 14a 32 ± 13a 34 ± 14a 41 ± 8b

Hip Concentric 10 ± 8a 20 ± 11ab 31 ± 12*c 26 ± 12b 12 ± 9a 20 ± 9a 21 ± 12a 35 ± 11*b

Quasi-iso 74 ± 12c 54 ± 16bc 37 ± 22a 39 ± 24*ab 81 ± 13b 60 ± 15*b 55 ± 20*b 27 ± 17a

Eccentric 16 ± 10*a 25 ± 12*a 32 ± 15*a 35 ± 20a 6 ± 7a 20 ± 12a 24 ± 15a 38 ± 16*b

SL, Slalom; GS, Giant Slalom; SG, Super Giant; DH, Downhill. Quasi-iso: quasi-isometric phase. Superscript letters represent post-hoc pairwise comparisons between disciplines with

two disciplines with the same letters being not statistically different and a<b<c<d (mean increasing order) at p < 0.05. * Inside Leg different from Outside Leg in a given discipline, while

indicating the higher value. (*) indicates a trend with p < 0.10. Nb: Turn duration is different for Knee and Hip due to a different sample size (see Methods for details).

(small to medium effects 0.39 ≤ d ≤ 0.69); but was higher on
OL than IL for the hip in SL (p < 0.028, small effect d = 0.21)
(Figure 5).

DISCUSSION

This study is novel and aimed to examine the knee and
hip kinematics in ecologically valid skiing conditions by
measuring these parameters with a portative wireless technology
during the four Olympic alpine ski disciplines. In accordance
with our hypothesis, the current results displayed statistical
differences in joint kinematic characteristics according discipline
and leg in elite skiers. Specifically, our results showed the
importance of the quasi-isometric contraction mode on OL
for both the knee (38, 42, 34, 11% in DH, SG, GS, and SL,
respectively) and the hip (81, 60, 55, 27% in DH, SG, GS,
and SL, respectively) although it was not traditionally taken
into account in previous alpine skiing kinematic analysis. All
disciplines with the exception of DH showed an asymmetrical
behavior of the knee contraction phase durations according
to their inside or outside status during the ski turn (p <

0.05, Figure 5). Contrary to the traditional classification into
technical (SL and GS) and speed disciplines (SG and GH)
and to our secondary hypothesis, the present results showed
that GS and SG present similarities in their articular kinematic
pattern (Figure 5) which was significantly different to both SL
and DH.

Importance of the Quasi-Isometric Phase
We observed greater knee amplitude (64–132◦) in GS compared
with a pioneer study (66–114◦) (Berg et al., 1995) due to greater
knee extension on OL (+18◦ of knee extension). This is likely
due to a greater edge set and body inclination in the turn with
the modern technique of carving with shaped skis. Knee joint
angles have been related to race performance in SL with larger
knee angles in the outside posture for the best skiers (Pozzo
et al., 2010). Indeed, it was suggested that having these knee
angular extensions at the minimum radius can account for a
better modulation of the force demands derived from the external
forces during the turn (Pozzo et al., 2010). The IL showed more
similarities with pioneer studies as the knee angle reached a
minimum of 64◦ (vs. 66◦ in Berg et al., 1995).

Hip maximum angles tended to be lower in speed than
technical disciplines (p < 0.090) suggesting the maintenance
of a tuck position without trunk extension phases. Indeed,
postures that minimize the exposed frontal area of a skier are
a key factor to reduce aerodynamic drag, thereby elevating
velocity and reducing overall run time (Supej and Holmberg,
2019). Aerodynamic drag becomes more important as the speed

increases (e.g., from SL to DH) (Gilgien et al., 2018a), whereas
ski-snow friction is relatively more important at slower speeds,

particularly when turning, as the ski-snow friction dissipates

most of the energy during SL and GS (Supej et al., 2013).
However, guiding the skis smoothly remains the priority in the
speed events (Supej and Holmberg, 2019). The current results
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FIGURE 4 | Mean concentric and eccentric angular velocity (±20◦.s−1) for the right knee (KR) and hip (HR) during Downhill (DH), Super Giant (SG), Giant Slalom (GS),

and Slalom (SL) when separated into concentric, eccentric, and quasi-isometric modes. *denotes a significant difference between inside (light gray and triangles) and

outside leg (dark gray and plain circles). < or > differences between disciplines for the inside (light gray) or the outside (dark gray) leg. p < 0.05, ( ) indicates a trend

with p < 0.10.

suggest that this smooth steering is executed in the aerodynamic
tuck position as characterized by small hip angles (Table 1).

However, more than the extreme angular positions which
were rather similar between the disciplines, the angular velocities,
and/or duration of the contraction modes may be more
discriminant. Indeed, the functional phase durations (IL/OL)
were increasingly shorter from DH to SG, to GS and then to
SL leading to faster muscle contractions for both the eccentric
and concentric modes (Table 1). A kinetic study has previously
shown that this shorter duration in SL did not affect the
maximum ground reaction force (∼3.15 body weight) but
decreased the mean total ground reaction force as compared to
GS (Kröll et al., 2015b). Moreover, the shorter SL turns decreased
the time available for independent leg action, leading to a more
balanced distribution between the two legs with synchronous legs
loading in SL (Kröll et al., 2015b).

In order to compare the present results to those of Berg and
Eiken (1999), we extracted angle data from the figures using
Web Plot Digitizer (Rohatgi, 2015) and computed the angular
velocities. These reconstructed angular velocity values (mean
concentric/eccentric knee angular velocities of 32/-28◦.s−1, 46/-
34◦.s−1, and 56/-57◦.s−1 in SG, GS, and SL, respectively) were in
accordance with an increasing velocity from SG to SL observed in

the present study. However, a higher mean eccentric contraction
velocity was observed on OL, mainly for the technical disciplines
in the present study compared to a traditional analysis of our
data (Table 2). Considerable changes in ski racing during the
past decades (carving skis, skier’s velocity) probably account
for this angular velocity increase. The reconstructed (see above,
Rohatgi, 2015) angular velocity curve from Kröll et al. (2015a,b)
suggest a mean angular velocity across the whole ski cycle
for concentric/eccentric modes close to the present data [47/-
44◦.s−1 (Kröll et al., 2015a) and 42/-47◦.s−1 (Kröll et al.,
2015b)] (Table 2). However, by averaging the angular velocity
in the same manner as traditional ski research, quasi-isometric
contractions were not taken into consideration. This could lead
to (i) overlooking a key component of the speed disciplines;
and (ii) underestimation of the mean velocity during dynamic
contractions (Table 1). As such, we proposed to separate the
angular velocities with a threshold of ±20◦.s−1 to identify a
quasi-isometric phase. Such characterization showed a quasi-
isometric component that significantly depended on discipline
with an interaction of the leg (Figure 5). For example, SL had a
significantly lower amount of time spent in quasi-isometric than
all other disciplines on OL knee and hip, suggesting a highly
dynamic style.
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TABLE 2 | Angles related parameters according to Leg and Discipline analyzed with Berg et al. (1995) cycle partition in eccentric/concentric phases.

Inside Leg Outside Leg

DH SG GS SL DH SG GS SL

Max angular

velocity (
◦
.s−1)

Knee Concentric 80 ± 40a 94 ± 25a 98 ± 26a 98 ± 30a 85 ± 37a 96 ± 25a 97 ± 30a 116 ± 32*b

Eccentric 75 ± 33a 74 ± 23*a 82 ± 22*a 117 ± 27b 69 ± 32a 69 ± 22a 79 ± 25a 124 ± 30*b

Hip Concentric 32 ± 12a 50 ± 18a 58 ± 24*a 66 ± 33a 28 ± 9a 55 ± 17(*
a ) 54 ± 24a 72 ± 31*a

Eccentric 29 ± 9a 42 ± 14(*
a ) 49 ± 21*a 47 ± 23a 21 ± 9a 37 ± 14a 40 ± 18a 50 ± 21*a

Mean angular

velocity (
◦
.s−1)

Knee Concentric 36 ± 18a 45 ± 16*ab 55 ± 17*c 54 ± 19bc 39 ± 19ab 36 ± 11a 48 ± 19b 79 ± 22*c

Eccentric 37 ± 16a 42 ± 15*a 49 ± 16*b 61 ± 16c 33 ± 16ab 32 ± 12a 40 ± 16b 80 ± 22*c

Hip Concentric 13 ± 4a 21 ± 8a 33 ± 15a 37 ± 22a 14 ± 4a 22 ± 7a 25 ± 13a 45 ± 19b

Eccentric 14 ± 5a 22 ± 8*a 30 ± 14*a 28 ± 15a 11 ± 4a 18 ± 7a 21 ± 10a 33 ± 15*b

Absolute duration

phase (ms)

Knee Concentric 1321 ± 399*d 905 ± 284c 697 ± 178b 465 ± 125a 1183 ± 453d 943 ± 277*c 700 ± 224b 476 ± 92a

Eccentric 1304 ± 493(*
d ) 1093 ± 288c 779 ± 182*b 457 ± 140*a 1210 ± 381d 1087 ± 320c 758 ± 250b 416 ± 93a

Hip Concentric 1539 ± 485*d 939 ± 278c 724 ± 202*b 378 ± 133a 1341 ± 302d 1015 ± 278*c 676 ± 265b 413 ± 118*a

Eccentric 1690 ± 245*d 1076 ± 292c 755 ± 180b 558 ± 156*a 1256 ± 422d 1067 ± 373c 767 ± 258b 495 ± 141a

Relative duration

phase (% cycle)

Knee Concentric 51 ± 12a 45 ± 11a 47 ± 8a 51 ± 12a 49 ± 14ab 47 ± 12a 48 ± 14*a 53 ± 7*b

Eccentric 49 ± 12ab 55 ± 11b 53 ± 8*ab 49 ± 12*a 51 ± 14ab 53 ± 12b 52 ± 14b 47 ± 7a

Hip Concentric 47 ± 10ab 47 ± 12b 49 ± 10*b 41 ± 14a 52 ± 8a 49 ± 13a 47 ± 17a 46 ± 12*a

Eccentric 53 ± 10ab 53 ± 12a 51 ± 10a 59 ± 14*b 48 ± 8a 51 ± 13a 53 ± 17*a 54 ± 12a

SL, Slalom; GS, Giant Slalom; SG, Super Giant; DH, Downhill. Superscript letters represent post-hoc pairwise comparisons between disciplines with two disciplines with the same

letters being not statistically different and a<b<c<d (mean increasing order) at p < 0.05. * Inside Leg different from Outside Leg in a given discipline, while indicating the higher value.

(*) indicates a trend with p < 0.10.

Nevertheless, one should keep in mind that these velocities
are rather slow compared to values previously reported in
running (Struzik et al., 2016) or team sports (Ball, 2008) with
knee angular velocity reaching ∼1,000◦.s−1 to ∼1,500◦.s−1

respectively (Figure 4). This difference can be attributed to the
fact that both feet are in contact with the ground in alpine
skiing whereas most sports alternate right/left ground contact
with (e.g., running) or without (e.g., walking) a suspension phase.
As such, alpine skiing doesn’t theoretically allow for open chain
movements except during jumps or micro-movements due to
vibrations. Alpine skiing is thus characterized by slow dynamic
motions at high loads even on IL (Meyer et al., 2019) rather than
pure isometric efforts. Albeit one could argue that those velocities
remain relatively close to the quasi-isometric mode as compared
to other sports, it is important to acknowledge than even
small differences in velocities have important neuromuscular
consequences. For example, two slow angular velocities (30 and
90◦.s−1) led to different fatigue characteristics (Morel et al.,
2019). As such, dry-land training should match the angular
velocities and contraction times reported in the current study
per discipline.

Inside and Outside Leg Specificities
Among Alpine Skiing Disciplines
Racers have always known that the best functional technique
in skiing is based on using their legs independently (LeMaster,
2010). The current data reinforce the need to analyze each leg
separately. In the current study, mean knee angular velocities for
the knee were higher with large effects on OL than IL in SL both
eccentrically and concentrically. However, the reverse pattern
was seen in GS and SG with higher mean angular eccentric

velocities (small effects) for the knee on IL than OL (Table 1).
Thus, all disciplines except for DH showed an asymmetrical
behavior of the legs according to their inside or outside status
during the ski turn. Using pressure insoles, it has previously
been reported a load of ∼2 body weight on OL and ∼0.75
body weight on IL in GS (Kröll et al., 2015b). This suggests
that the load on IL remains substantial, especially considering
the flexed knee angles. Moreover, the extended OL may benefit
from more skeletal support, while the flexed IL requires more
muscular support (Hintermeister et al., 1997), and the muscle
activity required to stabilize the flexed legmay therefore approach
that of the extended leg, even if the latter is supporting greater
force in GS (Falda-Buscaiot et al., 2017; Meyer et al., 2019). Taken
together, these results suggest the importance of training at the
closed knee angles observed on IL (Table 1, Figure 5). Both legs
work independently during the turn with a more extended OL
to resist the pressure and an IL more bent due to inclination.
During the subsequent transition phase, both legs reached the
same position. Thus, the outside knee was more extended during
the turning phase than at the turn switch where the skis slide flat
without pressure.

Mean hip angular velocities were higher on OL than IL in
SL both eccentrically (small effect) and concentrically (medium
effect). A reverse pattern was also seen in GS with higher values
on IL than OL. No asymmetry was observed in DH and SG,
except concentrically in SG where a higher mean angular velocity
was seen on OL than IL (small effect). Thus, the hip displayed
an asymmetrical pattern in the technical disciplines, almost no
asymmetry in SG and a marked symmetry in DH (Figure 4).

In SG and GS, more relative time was spent in concentric
and eccentric modes for the knee on IL than OL (medium
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FIGURE 5 | Relative duration of the eccentric, quasi-isometric and concentric phases for the knee and hip during Downhill (DH), Super Giant (SG), Giant Slalom (GS),

and Slalom (SL) for the outside and inside leg. * denotes a significant difference between inside (light gray and triangles) and outside leg (dark gray and plain circles). <

or > differences between disciplines for the inside (light gray) or the outside (dark gray) leg. p < 0.05, ( ) indicates a trend with p < 0.10.

effects), meaning that in the open angles, less time was spent in
concentric and eccentric modes to the benefit of quasi-isometric
mode (Figure 5). The IL (closed knee angles) showed a more
dynamic style than OL (open angles) which displayed a more
marked quasi-isometric component. Contrary to DH and SL,
quasi-isometric mode was markedly prevalent in GS and SG on
OL (GS 34% and SG 42%, Figure 5). Moreover, this marked
quasi-isometric OL seems to be also isotonic as suggested by
the observations from Meyer et al. (2019) showing that maximal
vertical forces (∼12N.kg−1) were attained at 30% of the turn
and were thereafter maintained until 70% of the cycle in GS.
The opposite pattern was seen in SL as quasi-isometric mode
was more marked on IL compared with OL (medium effects),
albeit occupying only 19% of relative time on IL vs. ∼40% in
eccentric and concentric modes. The DH showed a balanced
pattern without any bilateral difference, and a predominance of
quasi-isometric mode at the knee (38% on both IL and OL)
and hip joint (74% on IL, 81% on OL). The hip works more
eccentrically on IL than OL in DH/SG/GS (small to medium
effects), while SL displayed a reverse pattern (small effect). In SL,
we could speculate that the OL must come back quicker than the
IL to start the new turn. Albeit the practical significance of the
asymmetries of knee angular behavior in ski training remains to
be elucidated, the present data propose new viewpoints on the
outside and inside leg specificities.

Questioning of the Traditional
Technical/Speed Disciplines Classification
Interestingly, the traditional partition between technical and
speed disciplines may be questioned as GS and SG presented
similarities (Figure 2), showing both a significantly faster knee
eccentric mean angular velocity on IL than OL (small effects)
whereas SL showed an opposite pattern (large effect). They
also showed a longer quasi-isometric phase on OL than IL
(large effects, Figure 5). This suggests that polyvalent skiers
practicing GS and SG may develop a common and even
opposite pattern to Slalomers. Thus, a new group pooling
SG and GS emerged from the present analysis. DH showed
symmetrical technical features (mean angular velocities, time
spent in quasi-isometric/eccentric/concentric modes) whereas
SG/GS were clearly asymmetrical. SL was also asymmetrical
with the inverse pattern than SG/GS group. We could speculate
that the “polyvalent” skiers practicing GS and SG may present
some similarities in their muscular properties. These results
challenged the traditional partition of the speed (DH/SG) and
technical (SL/GS) disciplines, giving a rationale for the polyvalent
group including GS and SG that was previously created at
the French Ski Federation. Whether the inside and outside leg
specificities are related to the performance of the athletes remains
to be elucidated as well as the facility to switch from a profile
to another.

.
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FIGURE 6 | Synthetic overview of four alpine skiing disciplines based on joint kinematic characteristics (knee/hip angular velocity and position).

Interest of 2D Density Plots Visualization
and Synthetic Overview
The 2D density plots (Figure 2) are proposed as an original
qualitative method for data visualization to illustrate the
statistical results discussed above that may be used by physicians
and coaches. For example, we could see that SL displayed a
predominance of slow concentric and quasi-isometric speeds
on IL but a more dynamic distribution on OL with prevalent
concentric and eccentric speeds (at ±∼150◦.s−1). SL seems to
be the most complete discipline because of the broader range
of angular velocities and knee angles in use whereas on the
opposite side DH required extremely low speed/quasi-isometric
mode on both legs. As discussed above, SG and GS showed
similarities. In GS, the time spent in quasi-isometric mode on
OL (∼130◦) was highly prevalent. In SG, there was two prevalent
zones corresponding to the quasi-isometric mode both on OL
(∼120◦) and IL (∼60◦). There is an inherent variability in alpine
skiing in the knee angular position (Pozzo et al., 2010), higher
than variability seen in cycling or running for joint angles, cycle-
to-cycle duration, and stride time (Padulo et al., 2012; Connick
and Li, 2015). The 2D plot representation may be generalized
to other sports to summarize various characteristic patterns and
their variability.

Methodological Considerations
For the practical applications, it was assumed that the
knee angular velocity reflects indirectly the muscle
shortening/lengthening velocity. However, the macroscopic
“quasi-isometric,” “concentric,” and “eccentric” modes seen at
the knee and hip articulations levels may not be representative of
the contractile aspects at the muscle level (real fascicule length
and shortening velocity) (Fukunaga et al., 1997; Hauraix et al.,
2013). Indeed, even if the angular velocity of knee extension is
kept constant, the shortening velocity of a fascicle is dependent

on the force applied to the muscle-tendon complex (Ichinose
et al., 2000). Additionally, the muscle-tendon interactions
complicate the interpretation of simple movements (Ishikawa
et al., 2005). For example, during walking, the joint indicated
an eccentric contraction mode whereas the “in vivo” mode
was isometric (Fukunaga et al., 2001). Nevertheless, we believe
that this approach may be simple and useful for strength and
conditioning coaches to implement specific exercises.

Previous studies have often zoomed on a restrained number
of gates and runs, limiting the generalizability of their results
to alpine ski racing. However, we selected a large number of
run and cycles across trials and course designs to provide a true
representation of the knee and hip joint kinematics and their
variability in skiers. Importantly, the study used miniaturized
wireless sensors to avoid any disturbance from real ski training
(e.g., no backpack) and be representative of elite alpine ski racing.

It should be acknowledged that the filtering choice may have
hindered differences between SL and the other disciplines due
to an average underestimation of 8% in the signal amplitude.
Indeed, edge’s effects were unavoidable as the signal of interest
was very close to the noise despite the very selective filter.
However, despite the high constraints of the environment,
the filter characteristics gave good results and represented an
acceptable compromise of signal processing for this dataset
(Figure 1).

It must be recognized that the intra-run (i.e., cycles) and
inter-runs variability was taken into account by the factor “skier-
session” for which a random effect was applied. However, the
global variability of the skier-session (subject and course setting
of the day) does not allow to separate the variability due to
the skier alone, the day of testing alone (course setting, slope
conditions), or the run/cycle number. As such, including the
turn number within the analyses would provide an additional
layer of information. However, this information would also be
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dependent of external (e.g., slope, snow conditions) and internal
(e.g., fatigue) confounding factors. Therefore, as the aim of the
current project was to provide a description of an “average” cycle,
we did not want to separate the variability inherent to alpine ski
racing (intra/inter runs) in this experiment.

Lastly, it should be acknowledged that some differences were
statistically significant due to the very large amount of data but
may not be functionally relevant due to their relatively small
magnitude (∼3–5◦.s−1) with large SD. However, it should be
mentioned that experienced skiers displayed a high degree of
stability in their kinematic parameters despite the variability
encountered on the slope in ski training as supported by a
previous study showing a preserved posture in advanced skiers
compared with beginners (Akutsu et al., 2008; Kiryu et al.,
2011). Therefore, very small angle variations in the context of
high-performance training may be meaningful.

Perspectives
The present study characterized the knee and hip kinematic
specificities of the alpine skiing Olympic disciplines. A synthetic
overview is provided to help coaches to adapt their training to
the features of each discipline (Figure 6). Especially, the quasi-
isometric mode, evidenced as a key component of alpine skiing,
which is known to generate training adaptations (Lum and
Barbosa, 2019) that are joint angle-specific, especially through
central (i.e., neural) pathways (Noorkõiv et al., 2014). Thus, it
seems important to consider relative and absolute time as well
as the specific angles at which the quasi-isometric mode occurs
for each discipline during conditioning training.

Moreover, eccentric activity duration of the quadricepsmuscle
represents 30 to 43% on each leg, which is considered to
be a unique feature of alpine skiing (Berg et al., 1995).
Since eccentric muscle contractions require different activation
strategies and programming processes by the central nervous
system (Fang et al., 2004), regular application of eccentric
exercise training is also warranted for alpine skiers. Of
note, in alpine skiers, eccentric cycling training increased
isometric torque only at greater quadriceps length probably
due to sarcomerogenesis (Gross et al., 2010), As discipline-
specific muscle adaptations depending on joint angle and
contraction modes have been suggested in alpine skiers
(Lešnik et al., 2012; Alhammoud et al., 2019), the present results
may be used to adapt the training contents accordingly.
Practically, the current results suggest that dryland strength
and conditioning sessions should focus on slow movements at
the specific angles of the OL and IL. It should however be
acknowledged that the skiers are exposed to high frequency
vibrations superimposed to the movement pattern (Figure 1),
and that a loss of control may require a quick repositioning. As

such, the slow velocity training should be completed with rapid
force development (Jordan et al., 2015).

CONCLUSION

This study examined the impact of skiing discipline and leg
(outside/inside) on knee and hip angle-related parameters during
real on-hill training. The continuous recording performed in this

unique project in elite alpine skiers allowed us to characterize
the presence of concentric, quasi-isometric and eccentric actions.
The proportion of those phases significantly depended on
the discipline in interaction with the inside/outside leg. The
results showed a lower knee quasi-isometric duration on OL
in SL than other disciplines, suggesting a highly dynamic
style. Quasi-isometric mode was significantly longer on OL
than IL in GS and SG but was significantly longer on IL
than OL in SL. Thus, GS and SG showed similarities, with
a significantly faster knee eccentric mean angular velocity on
IL than OL whereas SL showed an opposite pattern. These
considerations may be used to train the open and closed
angles with specific contraction modes and exercises. Moreover,
the “polyvalent” skiers practicing GS and SG may present
some similarities in their muscular properties, challenging
the traditional partition of the speed (DH/SG) and technical
(SL/GS) disciplines.
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Introduction: Giant slalom is the core discipline of alpine skiing, and each race has its

own specific course and terrain characteristics. These variations may explain differences

in the speed and time per turn profiles, which are essential for performance development

and injury prevention. This study aims to address the differences in course setting and

steepness of the different course sections (flat—medium—steep) and compare them to

the performance parameters among young (U12, U14, U16) and older (U18, U21, elite)

male athletes.

Methods: The study examined a total sample size of 57 male athletes; 7 from elite level,

11 from U21, 13 from U18, 6 from U16, 13 from U14, and 7 from U12. The athletes

wore a portable global navigation satellite system (GNSS) sensor to extract performance

parameters. The course profiles and gate positions of nine runs were measured with

differential GNSS. The runs were divided into flat, medium and steep sections. From the

performance parameters (speed, time per turn, etc.) and the course setting variables,

the mean value per section was calculated and used for the further analysis.

Results: In total, 192 run sections from 88 runs were recorded and analyzed.

Comparisons between course settings in young and older classes showed no significant

differences. However, the turning angles and horizontal gate distances were smaller in

flat sections. Average speed (49.77 vs. 65.33 km/h) and time per turn (1.74 vs. 1.41 s)

differed significantly between young and U21/elite categories. In medium terrain sections

U21 and elite athletes spent more time in the gliding phase compared to all other athletes.

Discussion: It seems to be a reasonable that, given similar course setting and

steepness, speed increases concurrently with the technical and tactical skills of the

athlete. Moreover, the finding that the elite athletes spent more time in the gliding

phase could be crucial for understanding technique and performance development in

young athletes.

Keywords: giant slalom, youth sports, course setting, performance, elite sports

134

https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/journals/sports-and-active-living#editorial-board
https://www.frontiersin.org/journals/sports-and-active-living#editorial-board
https://www.frontiersin.org/journals/sports-and-active-living#editorial-board
https://www.frontiersin.org/journals/sports-and-active-living#editorial-board
https://doi.org/10.3389/fspor.2020.00107
http://crossmark.crossref.org/dialog/?doi=10.3389/fspor.2020.00107&domain=pdf&date_stamp=2020-08-26
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles
https://creativecommons.org/licenses/by/4.0/
mailto:bjoern.bruhin@baspo.admin.ch
https://doi.org/10.3389/fspor.2020.00107
https://www.frontiersin.org/articles/10.3389/fspor.2020.00107/full


Bruhin et al. Giant Slalom Bruhin Janssen 2020

INTRODUCTION

The four main disciplines of the World Cup of Alpine Ski
Racing are slalom, giant slalom (GS), super-G and downhill.
Because GS is the core discipline of alpine skiing, it was the
exclusive focus of this study. Each race has its own specific
course and terrain characteristics regulated by the International
Ski Federation (FIS). Nevertheless, the course setting can vary
greatly since the FIS only defines certain boundaries, such as
the number of gates and vertical drop (VD). For example, the
horizontal distance between two successive gates is not defined
and appears to increase with terrain inclination (Gilgien et al.,
2015). In addition, there is a slight trend toward a shorter direct
gate-to-gate distance for the section of the race that increases
in inclination; thus, in the flat sections, the courses are set
straighter than in the steep sections for which a more sinuous
course setting is usually chosen (Bruhin et al., 2018). These
characteristics influence the speed of the athlete and are also
associated with a decrease in speed as steepness increases as well
as increased horizontal distances and shorter direct gate-to-gate
distances. Spörri et al. (2012a) revealed that these characteristics
can produce greater time differences among athletes than other
characteristics as e.g., vertical gate distance. Moreover, course
setting and terrain inclination contribute to 57% of the skier
speed (Gilgien et al., 2015).

It is essential to understand course setting because it can
be related to the incidence and severity of injuries in athletes.
In an attempt to reduce speed, an increase in horizontal gate
distance has been proposed. As Spörri et al. (2012a) revealed, this
may decrease speed but it is not the best way to reduce injury
incidence. Furthermore, an increased horizontal gate distance
can induce fatigue as a consequence of loading forces acting
for a longer duration, which tends to be the greatest upon the
completion of a turn. In addition, a greater horizontal gate
distance may increase the risk of off-balance situations by forcing
the athlete to fatigue both the backward and inward leaning
spectrum. Thus, it might be of greater benefit to an athlete’s
safety to locally slow down a racer for hazardous points of
the course (e.g., terrain changes, key sectors). Additionally, the
vertical gate distance should also be considered as this causes a
decrease in skier’s speed without the aforementioned drawbacks
(Gilgien et al., 2020).

The FIS sets rules for course settings in GS. 11 to 15% of
the VD (250 to 450m) encompasses the number of directional
changes for elite races (International Competition Rules (ICR)
and Fédération Internationale de Ski (FIS), 2019). A greater
number of regulations are specified for young athletes and are
homogenous for the U16, U14, and U12 groups. Moreover, GS
gatesmust be placed as follows: the distance between open gates is
22± 5mwith a maximum of three gates, including delayed gates,
at a maximal distance of 35m. At the delayed gates, a minimum
distance of 15m between the two consecutive gates is required.
Additionally, the VD for young athletes should not exceed 300m
(National Competition Rules (NCR) and Swiss-Ski, 2019).

The National Federation of Switzerland has established
specific rules regarding the course setting for young athletes.
Before entering the elite competition, skiers are divided into

the following age groups: U12, U14, U16, U18, and U21. It
should be noted that there are no differences in course setting
applied to these groups (National Competition Rules (NCR)
and Swiss-Ski, 2019). The young athletes included in this study
received coaching, feedback and an intense level of training and
competition (Romann and Fuchslocher, 2014). Overall, while all
of these factors enhance performance, it is known that intensive
ski training is physically demanding, and there is a high risk of
injury independent of age and gender (Spörri et al., 2017). To
prevent this, a specific training regimen should be incorporated
(Müller et al., 2017), and knowledge of performance and course
setting becomes more valuable.

In addition to injury prevention, a progressive transition
for young athletes to the elite level is important; therefore,
specific data on each age category are necessary for coaches and
race organizers. Since course setting has a major influence on
the athlete’s speed, it is essential to thoroughly examine these
characteristics (Spörri et al., 2012a; Gilgien et al., 2020). The FIS
sets regulations on the slope and course settings for elite, U21
and U18 athletes, and the National Federation specifies young
race conditions.

To our knowledge there is no study which compares the
course conditions (course setting, steepness) according to the
aforementioned rules in young vs older athletes. Neither a
study which focuses on the differences on the performance
(e.g., turn phases, speed, time per turn) of young vs. older
athletes. Therefore, the aim of the present study was to identify
differences in sections of the runs (course setting, steepness)
and performance parameters (e.g., speed, time per turn, turn
phases etc.) among young and older athletes. The application
of these procedures is predicted to improve knowledge about
performance development and injury prevention in the context
of GS.

MATERIALS AND METHODS

Participant Characteristics
Measurements were taken for six age levels, which included a
total sample size of 57 male athletes; seven were from the elite
level (all of the elite athletes were older than 21 y), 11 were
from the U21 level, 13 were from U18, 6 were from U16, 13
were from U14, and 7 were from U12. The elite skiers were
born in 1992 ± 2.18 y and had a mean world ranking of 49
± 69.02 (min: 5; max: 152). In accordance with the rules of
the international federation (International Competition Rules
(ICR) and Fédération Internationale de Ski (FIS), 2019), the
groups elite, U21 and U18 are combined in some evaluations
to “older group” and the groups U16, U14, and U12 as JO
(Abbreviation from Swiss Ski Federation: Jugend Organization=
youth organization) group. Especially for the race analysis this
makes sense, because the boys participated together in the JO
races and the older group in the FIS races.

Race Description
The measurements were taken at three different locations during
the 2018–2019 and 2019–2020 winter seasons. In Hoch-Ybrig
(Schwyz, Switzerland) at the Swiss National Championships on
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March 23–24, 2019 and a FIS race on January 14, 2020. The
VD for this hill is officially recorded as 295m. In Les Diablerets
(Vaude, Switzerland) at a FIS race on February 8, 2020 with a VD
of 340m. InMeiringen (Bern, Switzerland) at regional races from
January 19, 2019 and January 26, 2020 and the VD for this hill is
264m.With the exception of the race inMeiringen on January 26,
2020, all races consisted of two runs. Table 1 shows the included
athletes per age group and per race.

Course Setting Parameters
Each gate was measured with a global navigation satellite system
(GNSS) device in differential mode (Gilgien et al., 2015). The
geodetic coordinates of the gates were determined in post-
processing with L1 carrier-phase data, carried out with two
u-blox M8 GNSS receivers. One receiver was used as static
reference. The second was used as rover (baseline < 2 km). The
differential fixed ambiguities carrier-phase post-processing was
carried out with the Free and Open-Source Software (FOSS)
RTKLIB v.2.4.2 in order to achieve an accuracy of 5 cm.

All course setting parameters were calculated based on the
coordinates of each gate (Gilgien et al., 2015). The gate distance
is the linear distance between two gates. The horizontal gate
distance is defined as a perpendicular line from one gate to the
lines between the previous and subsequent gates. The vertical gate
distance describes the distance from one gate to the beginning
of the perpendicular line. The turning angle is calculated as the
angle between the extended lines from two consecutive gates to
the line of the gate to the next gate, according Gilgien et al.
(2015). The steepness is defined as the difference between two
consecutive turns and the section steepness is the average value
per section.

Performance Parameters
All athletes had a portable GNSS sensor on their back protectors.
The sensor is shown in Figure 1 and was attached to the
back protector with double-sided adhesive tape at the height of

the third thoracic vertebrae. For safety reasons, it was placed
next to the spine. To address to the performance parameters,
the speed (km/h) information and trajectory of the entire run
were analyzed.

Calculated Variables

In collaboration with expert coaches, a turn was defined as the
start of a turn to the start of the next turn. The start of a new
turn was set when the fitted radius first dropped below 80m. The
minimal turn radius was set as the apex of the turn, and the end
of the turn was determined as the point at which the turn radius
exceeded 80m again for the first time (Figure 2). The start of the
turn to the minimal turn radius was identified as the initiation,
the minimal turn radius to the end of the turn was identified as
the completion and the end of the turn to the start of the next
turn was identified as the gliding phase. The relative amounts of
time spent in the respective turn phases from each athlete during
the entire turn were calculated. These ratios were averaged along
the entire run.

Based on the fitted trajectory of the athlete, several parameters
of one turn [time of the start of the turn (s), minimal turn
radius (m) and time of the end of the turn (s)] were calculated.
Based on these defined points, the per-turn calculations could be
conducted for the following variables: (a) the decrease in speed
during the initiation phase and (b) the speed increase from the
minimal turn radius to the beginning of the next turn. Both were
expressed as a percentage of the start speed in the specific turn.

Parameter Computation
In total, 88 runs were measured, and each run was analyzed
as an individual measurement. Twenty-six athletes performed
one run, 31 athletes performed two runs. At each of the nine
races, the track profile was analyzed. According to conspicuous
terrain transitions the sections of the run were divided into three
different categories (flat, medium, steep) (Bruhin et al., 2018).
The section was assigned to “flat” if the average steepness of

TABLE 1 | Athletes and sections of all competitions.

2019_HY_

run1

2019_HY_

run2

2020_HY_

run1

2020_HY_

run2

2020_LesD_

run1

2020_LesD_

run2

2019_M_

run1

2020_M_

run1

2020_M_

run2

Total

Number of athletes

per run

Elite 4 4 2 1 1 12

U21 5 5 6 4 20

U18 5 7 5 3 20

U16 3 1 3 7

U14 8 4 5 17

U12 2 5 5 12

Total 4 4 12 13 12 7 13 10 13 88

Number of sections per run 3 3 3 3 3 3 1 1 1 21

Turns per section Flat 17 17 21 21 10 10 96

medium 19 19 17 17 16 16 42 37 36 219

steep 6 6 4 4 19 19 58

Total number of mean values per race 12 12 36 39 36 21 13 10 13 192

HY, Hoch-Ybrig; LesD, Les Diablerets; M, Meiringen.
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FIGURE 1 | Details of the GNSS Sensor; dimensions: 65 × 35 × 15mm; weight: 35 g.

FIGURE 2 | Definition of characteristic points in a skier’s trajectory and turn phases.

the section was lower than 13.5◦, to “medium” if the average
steepness of the section was between 13.5◦ and 18.9◦ and to
“steep” if the average steepness of the section was above 18.9◦.
The results of this division can be seen in Table 2. A total of
21 sections were analyzed. All the athletes’ turns within one
section of a course were averaged. These average values per
section and per athlete were treated as measured values in the
subsequent analysis.

Statistics
The Levene’s test assessed the equality of variances. Afterwards,
for all results, a one-way analysis of variance (ANOVA) was
performed to identify any significant differences. Finally, as post-
hoc tests, the Student’s t-test with Bonferroni correction was used
for equal and unequal variances while for unequal variances, the
Welch’s t-test was selected. All tests were conducted in SPSS (IBM
SPSS Statistics for Windows, Version 25.0, Armonk, NY, 2017).
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TABLE 2 | Course setting parameters (average and standard deviation) per run and terrain section.

Flat Medium Steep Older

group_

medium

JO_

medium

2019_M_

JO_ boys

2020_M_

JO_run1

2020_M_

JO_run2

2020_LesD_

FIS_run1

Flat Medium Steep 2020_LesD_

FIS_run2

Flat Medium Steep

Gate distance (m) 27.08 25.34 26.08 26.32 25.07 26.87 23.67 24.29 26.35 25.01 25.49 27.57 25.40 25.75 24.98 25.56

Std 1.45 1.78 2.37 3.68 3.67 2.34 3.01 4.61 3.14 2.76 4.14 1.46 4.54 5.84 4.00 4.17

Steepness (◦) −11.96 −16.24 −20.62 −15.29 −16.60 −14.66 −17.84 −17.72 −16.91 −12.95 −14.60 −20.53 −16.85 −12.95 −14.66 −20.55

Std 1.40 1.09 1.04 6.45 5.19 4.97 5.10 4.81 5.81 7.25 5.30 2.31 5.51 6.10 4.86 2.68

Turning angle (θ) 25.58*/** 31.51* 33.48** 31.87 32.23 31.70 32.42 32.69 29.67 26.51 28.43 32.03 29.50 25.26 27.97 32.54

Std 1.93 1.74 1.19 10.87 9.35 8.36 9.41 10.36 8.21 11.55 7.39 6.01 8.24 10.45 7.22 6.49

Vertical gate distance (m) 25.88 23.96 24.94 25.05 23.98 25.78 22.61 23.15 25.30 23.06 25.07 26.47 24.65 25.09 24.56 24.49

Std 1.47 1.11 2.30 3.86 3.66 2.43 3.02 4.54 3.37 3.98 3.97 1.56 4.50 5.80 3.93 4.14

Horizontal gate distance (m) 5.81*/** 6.89* 7.36** 7.18 6.92 7.28 6.61 6.80 6.70 5.62 6.20 7.55 6.26 5.08 5.96 7.08

Std 0.51 0.35 0.55 2.67 2.21 1.89 2.05 2.64 2.11 2.77 1.98 1.40 2.25 2.86 1.79 1.86

2019_HY_

FIS_run1

flat medium steep 2019_HY_

FIS_run2

flat medium steep 2020_HY_

FIS_run1

flat medium steep 2020_HY_

FIS_run2

Flat Medium Steep

Gate distance (m) 26.15 27.27 25.08 25.83 26.55 27.19 26.97 25.55 27.58 28.30 26.60 28.32 27.85 28.99 27.50 23.64

Std 1.02 1.35 0.98 0.72 1.18 3.35 0.98 0.75 2.98 1.80 3.87 1.63 3.54 2.58 2.01 7.31

Steepness (◦) −13.81 −11.39 −14.29 −19.07 −14.66 −11.50 −15.67 −20.41 −14.83 −11.31 −17.35 −21.72 −14.73 −11.66 −16.58 −21.45

Std 6.39 3.89 7.43 4.61 4.97 3.80 3.91 4.32 7.13 7.02 5.20 4.82 6.80 4.82 7.27 4.85

Turning angle (θ) 26.66 22.27 28.81 33.76 31.70 28.55 33.47 35.85 30.06 24.70 36.46 32.59 30.71 26.21 35.48 34.09

Std 11.07 7.68 13.01 7.66 8.36 6.87 9.07 6.72 10.19 8.95 8.62 4.98 11.14 12.12 7.52 8.73

Vertical gate distance (m) 25.29 26.69 24.01 24.72 25.78 26.33 25.73 24.27 25.80 26.06 25.12 27.17 26.85 28.06 26.42 22.52

Std 3.38 1.37 4.59 1.24 2.43 3.25 1.37 0.78 4.50 5.03 4.15 1.34 3.55 2.67 1.65 7.25

Horizontal gate distance (m) 6.08 5.25 6.55 7.17 7.28 6.64 7.75 7.84 6.90 5.68 8.24 7.91 7.31 6.58 8.39 6.59

Std 2.49 1.86 2.90 2.04 1.89 1.65 2.04 1.47 2.49 2.32 2.06 1.50 2.76 3.01 1.86 3.00

In the first three columns the average and standard deviation per category (flat, medium, steep) for all races are shown. Significant (p < 0.05) differences between groups are marked with an asterisk (*flat vs medium, **flat vs steep). HY,

Hoch-Ybrig; LesD, Les Diablerets; M, Meiringen.
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RESULTS

Course Setting Parameters
In total, 192 run sections from 88 runs were recorded and
analyzed. Comparisons in course setting between JO and the
older classes were only made in the medium sections, due to the
different number of observations. No significant difference was
found between the JO and the older group.

The average values of the different section categories for all
competitions are shown in Table 2. The sections differed in
steepness, and the turning angle was smaller in the flat condition
compared to the medium and steep condition. In addition, the
horizontal gate distance in flat conditions was smaller than
in medium and steep conditions where gates are set with a
larger horizontal offset. No significant difference in the course
setting parameters could be detected between the steep and
medium conditions.

Regarding U18, U21 and elite competitions in steep terrain
(Table 3); the gate-gate distance as well as the vertical gate
distance were significantly shorter in the elite races (gate-gate
distance = 25.7m; vertical gate distance = 24.9m) than in the
races of the U21 and U18 group (gate-gate distance = 27.3m;
vertical gate distance= 26.2m). Therefore, the turning angle did
not differ significantly.

Performance Parameters
The JO group only had medium terrain sections and in order to
obtain comparability among the younger and older athletes, they

are compared in the medium terrain section. The older athletes
are compared in all three sections.

All Athletes in Medium Terrain Section

The time needed per turn (Table 4) differed between the defined
age groups in a range of 1.74 s (U12) and 1.41 s (elite). The elite
group had the lowest time per turn and differed significantly from
the three young groups (U12, U14, andU18). The youngest group
(U12) needed significantly the most time per turn, compared to
all groups. Furthermore, the U14 group had a significantly higher
time per turn than the U21 group.

The average speed range (Table 4) was between 49.77 km/h
(U12) and 65.33 km/h (U21). The older group showed a
significantly higher average speed than the JO group. In addition,
the U21 group had a significantly higher speed than the U18
group. Also, the U16 exhibited a significantly higher average
speed than the U14 and the U12 age groups and the U14 reached
a higher speed than the U12 group.

Speed gain and speed decrease between two turn phases are
displayed in Figure 3. No significant differences were found in
the acceleration and deceleration phase, respectively.

Relative time spent in the different turn phases of all groups
are shown in Table 5, Figure 4. The youngest group (U12)
spent significantly more relative time in the initiation phase
than the U14 and the elite group. Older athletes spend less
time in the completion phase and more in the gliding phase
compared to the JO group in the medium terrain section. With
the exception between U18 and U16, all results were significant

TABLE 3 | Course setting parameters (average and standard deviation) per age group and terrain section.

Elite FIS JO Elite (flat) Elite (medium) Elite (steep) FIS (flat) FIS (medium) FIS (steep) JO (medium)

Gate distance (m) 26.35 27.02 25.07 26.87 26.08 25.69 27.23 26.49 27.31 25.07

Std 2.48 3.49 3.67 1.37 3.42 0.75 3.60 3.84 2.78 3.67

Steepness (◦) −14.23 −15.88 −16.60 −11.45 −14.96 −19.74 −12.89 −15.53 −20.70 −16.60

Std 5.75 6.41 5.19 3.84 6.02 4.52 5.93 6.74 2.91 5.19

Turning angle (θ) 29.21 29.94 32.23 25.41 31.21 34.81 26.70 32.34 32.25 32.23

Std 10.11 9.44 9.35 7.93 11.40 7.28 9.52 10.45 6.23 9.35

Vertical gate distance (m) 25.54 25.89 23.98 26.51 24.89 24.49 26.20 25.16 26.20 23.98

Std 2.94 3.86 3.66 2.50 3.46 1.06 4.20 4.11 2.80 3.66

Horizontal gate distance (m) 6.68 6.85 6.92 5.95 7.15 7.50 6.15 7.20 7.50 6.92

Std 2.29 2.41 2.21 1.89 2.58 1.81 2.43 2.73 1.63 2.21

Significant (p < 0.05) differences between groups are marked in bold (= elite vs. FIS, JO).

TABLE 4 | Performance parameters (average and standard deviation); time per turn (s) and speed (km/h) for all groups in the medium terrain sections.

U12 U14 U16 U18 U21 Elite

Time per turn (s) Mean 1.74#+!!′′‡ 1.58*
′′‡ 1.56* 1.55*‡ 1.49*# 1.41*#!!

Std 0.10 0.11 0.08 0.09 0.07 0.13

Speed (km/h) Mean 49.77#+!!′′‡ 54.00*+!!′′‡ 55.60*#!!
′′‡ 62.13*#+

′′
65.33*#+!! 61.30*#+

Std 1.91 1.23 1.13 2.71 3.02 4.77

Significant (p < 0.05) differences between groups are marked by group-specific markers (U12*; U14#; U16+; U18!!; U21
′′
; Elite‡ ).
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FIGURE 3 | Mean percentage of the difference in speed between two turn phases in the medium terrain section; the acceleration phase refers to the section from the

minimal radius to the start of the next turn; the deceleration phase is from the start of the turn to the minimal radius.

TABLE 5 | Mean percentage for all groups in medium terrain for the initiation, completion and gliding phases, expressed as a percentage of the total turn cycle.

U12 U14 U16 U18 U21 Elite

Initiation phase (%) Mean 44.02#
′′

41.22* 43.70 42.67 40.93* 41.85

Std 2.27 2.61 4.05 3.02 3.18 3.21

Completion phase (%) Mean 43.10!!
′′‡ 43.58!!

′′‡ 42.02
′′‡ 39.20*# 38.44*#+ 37.83*#+

Std 1.54 2.10 3.05 2.10 2.74 2.16

Gliding phase (%) Mean 12.88#!!
′′‡ 15.19*!!

′′‡ 14.28!!
′′‡ 18.12*#+ 20.62*#+ 20.32*#+

Std 1.84 1.36 1.60 3.76 4.90 4.22

Significant (p < 0.05) differences between groups are marked by group-specific markers (U12*; U14#; U16+; U18!!; U21
′′
; Elite‡ ).

in the completion phase. Furthermore, the gliding phase differed
significantly between the JO and the U18, U21, elite groups.

Older Athletes in Three Terrain Sections

Zoomed in on the older group, no significant differences were
found in the initiation phase in the three terrain sections
(Figure 5). In the completion and gliding phase, significant
differences were found in the flat terrain section. Elite athletes
spent less relative time in the completion phase than the U21
group (Figure 6) and more time in the gliding phase compared
to the athletes from the U18 group (Figure 7).

DISCUSSION

The main finding of the study was that average course settings
in young classes (U12, U14, U16) did not differ in comparison
with the older classes (U18, U21, elite). However, compared to
the medium and steep sections, the turning angles and horizontal

gate distances were shorter in the flat sections. Average speed
for the medium terrain section was between 49.77 km/h (U12)
and 65.33 km/h (U21) and time per turn differed significantly
between 1.74 s (U12) and 1.41 s (elite). Additionally, differences
were found in the mean speed and turn phase parameters,
more precisely in the gliding and completion phases. In medium
terrain sections U21 and elite athletes spent more time in the
gliding phase compared to all other athletes.

A “high skiing speed” is commonly called a major course-
related injury factor (Spörri et al., 2017). As stated in the literature
(Spörri et al., 2012a), shorter linear gate distances and higher
steepness correlate with decreased speed. Furthermore, it is
supported by previous research that an increased horizontal
distance is associated with decreased speed (Spörri et al., 2012a).
Spörri et al. (2017) have also postulated that an increased
horizontal gate distance is associated with a potentially increased
risk of injury. This is provoked by increased fatigue and greater
risk of “out-of-balance” situations.
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FIGURE 4 | Percentage of all groups in the gliding phase of the medium terrain section, expressed as a percentage of the total run time. Significant (p < 0.05)

differences between groups are marked by group-specific markers (U12*; U14#; U16+; U18!!; U21
′′
; Elite). Outliers are shown with a circle, filled with the color of the

corresponding group.

When compared to the older athletes, the JO group exhibited
significantly lower velocities and longer time per turn, but the
horizontal gate distance was not significantly larger. Gilgien et al.
(2015) stated that 57% of a skiers speed can be explained by
course setting and terrain inclination. The technical skills of the
older athletes were significantly better compared to the JO group.
In addition, the older group was longer in the gliding phase. It
seems to be a reasonable relation that with similar course setting
and steepness, the speed increases with the technical and tactical
skills of the athletes.

In this context the course setting in the measured races can be
critically undermined. It seems that the extremes of development
(U12 and elite) should be more clearly differentiated in order to
achieve a skill transfer and to reduce injury risk. Furthermore,
it can be discussed whether interventions should be taken to
adjust the course setting in both levels. In the elite’s course
setting our results support Spörri et al. (2012a), that a larger
horizontal distance is proposed to reduce the speed. In the JO’s
course a shorter gate distance is proposed to reduce the time
per turn.

Course Setting Parameters
Gilgien et al. (2015) measured the course setting and terrain
characteristics during seven male World Cup races in the winter
seasons of 2010–2011 and 2011–2012, with a total of 14 runs.
Gate-gate distance was recorded as 26.24 ± 2.25m, horizontal
gate distance was 7.47 ± 2.93m and steepness was 17.80◦ ±

7.0◦ (Gilgien et al., 2015). Compared to the present findings
of the older groups, it can be concluded that the horizontal
distance of 6.79 ± 2.38m, steepness of −15.34◦ ± 6.25◦ and
gate-gate distance of 26.80 ± 3.21m were comparable to the
values in the literature. However, the course setting values for
the JO athletes were slightly different (gate-gate distance 25.07
± 3.67m; horizontal gate distance 6.92± 2.21m) than the values
of the older group (gate-gate distance 26.32± 3.68m; horizontal
gate distance 7.18 ± 2.67m) in the medium terrain section.
This follows the literature since stricter regulations are applied
for these age groups (National Competition Rules (NCR) and
Swiss-Ski, 2019).

The horizontal gate distance for the older groups in flat
conditions (5.81 ± 0.51m) was smaller than in medium (6.89
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FIGURE 5 | Percentage of the U18, U21 and elite group in initiation phase, expressed as a percentage of the total run time. No (p < 0.05) significant differences were

found among these three groups. Outliers are shown with a circle, filled with the color of the corresponding group.

± 0.35m) and steep conditions (7.36 ± 0.55m), where gates
were set with a larger horizontal distance. The turning angle is
described as the gate-gate distance, the vertical gate distance and
the horizontal gate distance. Since there were neither significant
differences in the gate distance, nor in the vertical gate distance,
it can be stated that the turning angle is mainly influenced by the
horizontal distance.

Performance Parameters
Besides differences in the course profile, the time the athletes
needed per turn in the medium terrain section decreased with
higher age groups (Table 4). The U12 group needed 1.74 ± 0.1 s
and the elite athletes 1.41 ± 0.13 s. When comparing the results
of the elite group to an earlier work of Spörri et al. (2012b); an
average of 1.41 s/turn in the present study for the elite athletes
compared to 1.68 s/turn (Spörri et al., 2012b), a trend to a
smaller time per turn can be observed. The decrease in time per
turn can be explained by the constant course setting. Although
the turning angles and the horizontal gate distance were larger,
these parameters did not differ significantly between the JO and
older group. However, speed differed significantly in the medium
terrain section and therefore it can be assumed that a similar
distance is traveled at a higher speed and therefore the time per

turn must be smaller. The decreasing trend in time per turn and
increasing trend of higher speed indicate evidence of smooth skill
transfers from the young athlete level to the elite level.

The difference in speed gain and speed decrease in the
medium terrain section was not significant between any group
but there seemed to be a tendency in elite athletes to brake less
hard to the center of the turn and then take more speed out of the
turn than all younger athletes (Figure 3). However, as mentioned,
these differences are not significant and needs to be tested with a
larger sample.

It is notable that the elite athletes did not have the highest
speed of all groups in the medium terrain section. The lowest
average speed was reached by the U12 athletes, the highest speed
by the U21 athletes and in between there was an increasing trend
(Table 4). Importantly, it should be mentioned that the sections
were in the same category (medium) but did not have the same
inclination. The sections of the competitions (Table 3) in which
the elite athletes participated (−14.29◦; −15.67◦) were below the
average value of all races (−16.24◦ ± 1.09◦).

The changes in speed during turns in the medium terrain
section was not significant between the groups (Figure 3).
Nevertheless, a slight trend could be observed, the elite group had
a small speed decrease to the minimal radius and a high increase
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FIGURE 6 | Percentage of the U18, U21 and elite group in the completion phase, expressed as a percentage of the total run time. Significant (p < 0.05) differences

between groups are marked by group-specific markers (U18!!; U21
′′
; Elite). Outliers are shown with a circle, filled with the color of the corresponding group.

of speed to the next turn. Supej et al. (2011) suggested a “speed
barrier” as a possible explanation for this. Elite athletes try to
increase their speed after the apex of the turn and braked less
before the apex of the turn to reach the goal of maintaining the
highest speed possible. With a larger horizontal offset, the speed
decreases prior to the apex of the turn should be larger (Spörri
et al., 2012a). In one study (Spörri et al., 2012a), this larger offset
was seen to potentially increase fatigue in the athlete. In terms of
the present study’s results, it can be assumed that higher speed
variations are more demanding for the athletes and will increase
their fatigue.

The gliding phase (Table 5) was longest in the older groups
than in the JO group. Thus, a closer look was taken at the
two turn phases initiation and completion. It was shown that
the older athletes compensated the longer gliding phase with
a shorter completion phase. Few differences were found in the
initiation phase.

This study is the first to calculate tactical parameters, such as
relative time in each turn phase, in this way. Spörri et al. defined
the segments of the turn differently (Spörri et al., 2012a); due
to a lack of information about the skier’s trajectory, the turn
segments could not be defined in the same way and required
a new definition. It should be noted that in an earlier study

(Spörri et al., 2012b) a similar initial phase (and then a shorter
final phase) led to better performance as well. Moreover, in the
present study there was a difference between the older group and
the JO athletes in terms of gliding time. Compared to the JO
group, the older groups, spent less time in the completion and
more time in the gliding phase. In Figures 6, 7 the older groups
are shown in the different terrain sections. It is notable that
the same pattern appeared in flat, medium and steep sections.
The gliding phase was longest in the flat terrain, shortest in the
steep terrain and in between in medium terrain (Figure 7). The
reverse pattern could be seen in the completion phase (Figure 6).
The longest completion phase was in steep terrain, the shortest
completion phase was in flat terrain and in between values for
completion phase in the medium terrain sections.

Limitations
All terrain sections in the course of the JO group were labeled
as medium which restricted us to make comparisons between JO
and the older groups in the flat and steep terrain sections. Overall,
the findings of this pilot study should be confirmed by observing
identical athletes in a repeated measurement design. This would
lead to a greater number of measurements and allow a turn by
turn analysis to confirm these outcomes.
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FIGURE 7 | Percentage of the U18, U21 and elite group in the gliding phase, expressed as a percentage of the total run time. Significant (p < 0.05) differences

between groups are marked by group-specific markers (U18!!; U21
′′
; Elite). Outliers are shown with a circle, filled with the color of the corresponding group.

Course setting and performance parameters were measured
with a GNSS device. The use of a geodetic, multi-frequency
receiver providing differential position solutions could result in
greater accuracy. Due to the limited amount of time between
the runs and the time-consuming aspect of acquiring data for
the course setting parameters, this was not applicable in the
present study. Gløersen et al. (2018) compared these systems
and concluded that the present methods were inferior, but
typical, instantaneous speed differences could be obtained with
a maximal horizontal error of 2.09m, a maximal vertical error
of 2.71m and a time precision of 0.30 s. However, an inverse
relationship was found between measurement error and skiing
speed which indicates larger errors at lower speeds. No low
speeds were observed during the runs and the given error was
overestimated in the present study.

CONCLUSION

The current study showed no differences in course setting
between young and older groups. However, differences were
found in the mean speed and turn phase parameters, more
precisely in the completion and gliding phases. Results of this
analysis form a basis to critically discuss the course setting,

because they directly influence relevant performance parameters
like speed and turning angles in the different age categories.
Additionally, steepness influences the tactical strategy of young
and older athletes in GS, which is important within the context
of skills development. The tactics used within a turn were
different between young and older athletes which gives coaches
new areas to work on with their athletes. Moreover, the finding
that the older athletes spent more time in the gliding phase
could be crucial for understanding technique and performance
development in young athletes.
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