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Group  Age (years)

NT 168+ 0.5
T 16.1+0.6
NT 18.7 £ 0.6
TC 19.1+0.6

Body mass
(kg)

608462
609£58
T15£7.1
68.0+6.0

Height (cm)

178+ 6
176 £5
18147
180+ 6

LBM (kg)

58.6 £ 4.9
57.8£5.0
67.9+6.7
63.9+5.2

VOmax
(mL - min-1)

4202 + 108
4087 % 416
5301 £ 634
4735 + 378

VOzmax

(mL - min~" -

kg™')

69.3 +4.1
66.3+3.1
741£16
69.8 +4.1

NT, National team membership at age 25; TC, Terminated career at age 25; LBM, Lean body mass; Values as mean + SD.

VOzmax
1

(mL - min=" .

kg™ LBM)

71.8+4.1
69.9+3.6
779£1.6
742+38

Endurance
training
(hours)

70+28
8114

82+£18
80+23

Total
training
(hours)

85+356
87£15

9723
87+22
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National Regional P

N 6 6

Age (years) 28062 813+89 047
Body mass (kg) 69.2 4.1 70323 0.56
Height (cm) 178384 1805+27 026
Pole length (% of 80710 889+12 026
height)

Weekly cross-country 14359  86+25 006
sking volume (h)

French skifederation 525356 1378322 0.01
score (points)

Bold P-values indicate significant difference between the two groups.

Effect size

0.47 small
0.36 small
0.79 moderate
0.79 moderate

1.38 large

2.75 very large
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Variables Mean + SD Group effect Effect size Correlations to TgiidereL

National Regional P Cohen’s d r r95% Cl P
Toico (%) 51836 43962 0.04 1.71 large - - -
ASlmin (%) -198 £ 108 11.6 £ 13.1 0.01 2.87 very large -0.79 [-0.94, -0.39] <0.001
Al (%) 745+ 138 770+ 168 082 0.18 trivial 032 [-031,0.76) 024
ASlhange (%) 94.3 £202 67.1 + 187 009 1.53 large 079 0.41,0.94) <0.001
AShnean (%) 288+25 434115 0.04 1.92 large —031 [-0.75,0.32) 033
EDGrin (7) 66+ 18 -7.7 £33 075 0.45 small 005 [-0.54,061] 088
EDGinax (7) 8929 65+28 047 0.92 moderate 042 [-0.21,0.80) 047
EDGrange (*) 155+ 16 142 %20 034 0.79 moderate 060 0.04,0.87) 0.04
EDGimoan (©) 0322 ~16+25 026 0.88 moderate 039 [-0.28,0.79) 021

Bold P-values indicate statistical significance.

ASI/EDGmin, minimum of the asymmetry index/ski edging angle at the beginning of the gliding phase; ASYEDGmax, maximum of the asymmetry index/ski edging angle at the end of
the gliding phase; ASVEDGrange, range of the asymmetry index/ski edging angle during the gliding phase; AS/EDGmean, mean of the asymmetry index/ski edging angle during the
gliding phase.
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bl ‘ \Screening‘ |Id=nﬁﬁcaﬁon

| Included

Initial database search
(n=2882)

224 studies excluded due to:

© Duplication and ambiguity

® Engineering material

® Social science

® Public health

® Published in a language
other than English

Studies included after "
full-text review 231 studies excluded due to:

(n=270) ® Iliness in snow sports
© Not elite athletes
© Non-injury characteristics and patterns

© Full text not available
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Identification

Initial database search
(n=511)

Screening

|

Records screened
(n=112)

Eligibility

v

399 studies excluded due to:

® Duplicate and ambiguity

e Cloth design

e Textile technology

e Non-sports science related
e Non-sports medicine related
® Non-English

Studies included after
full-text review

(n=112)

Included

l

Related studies
(n=18)

94 studies excluded due to:
® Review

® Business reports

e Official announcements

e Not winter racing sports
e Non-full text
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| Speed skating (short-track speed skating) 39%
Il Cross-country skiing 39%
I Alpine skiing 22%

I Aerodynamics 45%
|7l Biomechanics 33%
B Physiology 22%

[ Drag reduction 44%
| Muscular mechanics & performance 28%

I Metabolism 22%
B Fatigue recovery 6%
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r Pearson

Path SL+TP (m) —0.481
ASpeed SL (m/s) 0672
ASpeed TP (m/s) —~0.418
AemeenyVin TP (Vkg/mVs) -0223
AemeenyVin SL+TP (J/kg/m/s) ~0.064
To%SL (%) 0.967
TSL (ms) 0876
T Edge switch (ms) 0.195

P

0.051

0.003
0.0956

0.390

0.808
<0.001
<0.001
0453

Path length in straight line s the cumulative distence traveled by the skiers between two
tuming phases where the radius is above 30 m. Successive correlated parameters are the
path length in entire tum (both straight line and tuming phase); speed amplitude during
the straight line and tuming phase; Aemen/vin during the tuming phase and entire tur;
absolute time in a straight line, and relative time to the entire tur time. Edge switch time
corresponds to the lag between end of the force application on the outside foot and start
of the force application in the new outside foot and edge switch path to the distance travel
during this period. Indices of correlation test Pearson’s r (r) and p-value (o) were reported.
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Model R R2 Adjusted R2 RMSE

Model summary of regression analyses to determine prediction of race time
0 0621 0385 0344 1566
1 0657 0.432 0351 1558

R* change

0.385
0.047

F change

9.396
1.152

9.396
5.321

0.008
0.301
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Author Year

Drag reduction (n = 8)

Brownlie et al., 2004
2004

Kuper and 2008
Sterken, 2008

Sestran and 2008
Oggiano, 2008

Oggiano and 2010
Sestran, 2010

Oggiano et al., 2012
2012

Brownlie and 2012
Kyle, 2012

Bardal and 2012
Reid, 2012

Chowdhury 2015
etal, 2015

Population

A mannequin model based
on scale photographs from
15 elite sprinters and 16
speed skaters

Full set of the speed skating
results of the 2002 Olympic
Winter Games

A mannequin was used to
simulate the average posture
of 1500 m speed skating
athletes.

A mannequin was used to
simulate the posture of
cross-country skiing athletes.

A cylinder model simulated
the limbs.

A mannequin of a competitive
speed skater was used.

The cylinder models with
three different diameters were
used to model the calf, thigh,
and upper arm

A standard cylinder was used
with a 110 mm diameter and
200 mm length

Compression suit

Fitting samples of 39 stretch
fabrics

Five branded skating suits

Six suits with fabrics of
different roughness for lower
legs, upper legs, trunk, arms
head, and arms.

Six suits with three kinds of
roughness and two kinds of
thickness.

Three cross-country suits
with rough fabrics were used,
which were stretched at 9,
23, 43, and 63%.

Six speed skating suits used
in the 2002, 2006, and 2010
Winter Olympic Games.

With stretch of 25 and 42%,
the fabrics with three different
roughness levels were
compared.

Four commercially made
skinsuits from different
manufacturers were
compared.

Metabolism, muscle function, and mechanical performance (n = 9)

Sperlich and 2011
Holmberg,
2011
Sandsund 2012
etal, 2012
Sperlich et al., 2013
2013
Born et al., 2014
2014
Sperlich et al., 2014
2014
Wiggen et al., 2016
2016
Moon et al., 2016
2016
Decker et al., 2016
2016
Simons et al., 2016
2016

Fatigue recovery (n = 1)

Govus et al., 2018

2018

Six elite cross-country skiers
(age: 29 + 6 years; height:
174 + 10 cm; body mass:
67.9 £ 10.7 kg)

Nine male endurance athletes
(age: 25 + 3 years; height:
183 £ 7 cm; body mass:
78.6 £ 7.4 kg; body fat:

11.9 + 2.3%; VOgmaxi

56+ 0.4-min~1)

Twelve elite male alpine skiers
(age: 26 + 4 years; body
mass: 80 + 5 kg)

Ten German speed skaters
from the national team (age:
23 + 7 years; height:

173 £+ 10 cm; body mass:
68.2 + 13.9 kg; peak oxygen
uptake: 58 + 5.2 mlL - kg~ -
min—T)

Ten elite long-distance
cross-country skiers (age:
25 + 4 years; height:

180 £ 4 cm; body mass:
74.6 + 3.2 kg)

Thirteen highly trained male
cross-country skiers (age:
23 + 2 years; height:

180 £ 5 cm; body mass:
76.5 £ 4.7 kg; body fat:
9.8 £+ 2.0%)

Ten students (age:

20 £ 0.89 years; height:
172 £+ 4.9 cm; body
weight: 66.7 £ 10.9 kg; 6
male, 4 female) in a
physical exercise-related
major

Nine collegiate alpine ski
racers

Nine collegiate alpine ski
racers

Thirty-two Swedish
national team skiers (18
males, 14 females)

2009 and 2010 racing suits

With one-piece cross-country
skiing suits

Three compression shorts in
different pressures (0, 20, and
40 mmHg)

With or without compression
shorts

With or without long-sleeved
CGs

With standard cross-country
ski racing suits

Fabric speed skating suits
with three compression
levels (0, 9, and 18%
downsize)

With DCP or SCP tights

With DCP or SCP tights

Commercially available,
moderate-pressure,
upper-

and lower-body CGs

Study design

(1) Fp and air velocity were
measured with wind tunnel
tests.

(2) Cp and Re were used to
characterize the ability of the
various fabrics to generate
FT.

The average skating speeds
of the 500-10000 events
were modeled with a pooled
linear regression. The
two-stage generalized least
squares (instrumental
variable) of regression model
are the home advantage
dummy variable, age, length,
squared length, and weight of
the athletes.

The speed of each discipline
was simulated for women
and men, and air drag was
measured using the sensors
placed at the joints.

Velocity varied from 15 m/s to
25 m/s with 1 m/s interval.
Force balance in the base
plate measured the air drag.

The range of test velocity was
0-16 m/s.

Force balance in the base
plate measured the air drag.

(1) Fp measurements were
performed with wind tunnel
tests in the air velocity range
of 12-156.6 m/s.

(2) The difference in
pre-Olympic to Olympic
performance based on
skating suits was compared.

The fabric performance under
stretching were tested in the
wind tunnel at an air velocity
equivalent to 17.5 m/s at
typical race environmental
conditions

Wind tunnel tests were
conducted at a range of air
velocities (20120 km/h with
an increment of 10 km/h).
Electron microscopic analysis
was used to observe the
fabric properties of the
skinsuits.

(1) Tested at 12 km/h at 5°
inclination; 11 km/h at 6°
inclination; and 12 km/h at 8°
inclination with roller skating
for 6 min.

(2) Tested oxygen uptake,
minute ventilation, HR, skin,
core temperature, etc.

(1) Standard running tests were
performed at six ambient
temperatures (-14, -9, -4, 1,
10, and 20°C) with an air
velocity of 5 m/s.

(2) Skin and core temperatures,
VOomax, TTE, running
economy (HR and VO»), and
running speed at LT were
measured.

(1) Simulated actual alpine
skiing posture, vibration and
load for 3 min.

(2) Tested EMG activity,
cardiopulmonary data,
hemoglobin, oxygenation of
VL, muscle vibration, blood
lactate concentration, RPE,
joint angle, maximal isometric
knee flexion, jumping height,
and balance ability before,
during, and after trials.

(1) Simulated the 3000 m speed
skating competition.

(2) Tested the lateral femoral
muscle oxygenation and
blood volume with
near-infrared (IR)
spectroscopy.

3) Tested the oxygen uptake,

ventilation, HR, speed, etc.

1) Simulated 3 min of

double-poling sprints three

times.

2) Tested the PO, HR, RER,

oxygen uptake, carbon

dioxide production, and
stroke volume.

3) Tested the blood volume of

the triceps brachii with

near-IR spectroscopy.

1) At —15 and -6°C, performed
Sub1, a self-paced 20-min
performance tests, Sub2,
and incremental tests to
exhaustion.

(2) Measured skin and core

temperatures, PO, and

respiratory variables.

(1) Surface
electromyography test
was used to investigate
the activation of the RF.

(2) The isokinetic test and
Wingate test were used to
investigate the maximum
anaerobic power.

Peak GRF, maximum AP
COP, minimum ML COP,
COP area, and COP

velocity were measured.

(1) The VL, RF, BF, and GM
muscle EMG amplitudes
were measured.

(2)Average ankle, knee, and
hip positions and turn
durations were calculated

(1) Skiers were randomly
assigned to compression
garments (n = 11),
neuromuscular electrical
stimulation (n = 11), or
control group (n = 10).

(2) CK, urea, CMJ height,
and perceived muscle
pain were measured
before and 8, 20, 44, and
68 h after competition.

Findings

Compared with the bare leg,
the leg model covered with
the best-matched fabric
reduced Fp and Cp by 20.2
and 40%, respectively.

Once corrected for selection
bias, none of the suits
outperformed the others.

(1) The final time difference of
about 3 s was estimated in
the suits with different
surfaces.

(2) Legs were the most sensitive
area in fabric selection.

Ski suits with rough fabrics
reduced air drag by 10%.

A higher strain “smooths” out
the fabric surface, moving the
critical speed closer to the
speed for a smooth one.

(1) SWIFTSkin was observed to
provide the greatest
reduction in Fp by 13.3%.

(2) Skaters with SWIFTSkin suit
exceeded their previous
personal best performance
by 1.03%.

(8) Skaters clad in other speed
suits exhibited minor
differences in performances.

The transition speed was
affected when the absolute
stretching of the fabrics is
increased from 25 to 42%

(1) Compared with the bare
cylinder, all skinsuit fabrics
can gain aerodynamic
advantages.

(2) Smooth surface for
streamlined bodies can
reduce the drag efficiently.

(8) An increase in surface
roughness can reduce the
drag for the quasi-cylinder.

(1) Oxygen uptake, minute
ventilation, RER, HR, etc.
were all lower with the 2010
skiing suit.

(2) Average skin and core
temperature were lower with
the 2010 skiing suit.

(1) Skin temperature decreased
significantly with reduced
ambient temperatures, and
core temperature increased
during all conditions.

(2) Optimal endurance
performance with
cross-country skiing suit was
found at -4 and 1°C.

(1) Knee flexion and muscle
vibration decreased with
increasing pressure.

(2) Percentage of muscle
activities (pre—post): TA
(20.2-28.9%), gastrocnemius
medial (4.9-15.1%), RF
(9.6-23.5%), and VM
(13.1-13.7%).

(8) Hemoglobin without
compression was lower than
20 or 40 mmHg
compression.

(1) Oxygenation in the vastus
lateralis was asymmetrical.

(2) Leg compression did not
affect oxygenation asymmetry
and other parameters.

No effect on all parameters.

(1) Skin and core temperatures
were more reduced with
standard racing suits, and
average PO was 5% lower in
the first 8 min of the
performance test at —15°C.

(2) From Sub1 to Sub2, the
double-poling economy
decreased by 3.7% larger
at-15°C.

(1) The RF activity was
significantly lower at 9%
compression than at 0%
compression.

(2) The mean power and
peak torque showed no
significant differences in
the three compression
levels, except the flexion
power in 18%
compression.

(1) During the DCP
condition, peak ground
reaction force decreased
by 9%, the COP was
more anterior and medial,
and the COP velocity was
14% lower.

2) During the DCP

condition, the dynamic

balance was improved.

1) During the DCP
condition, the hip and
knee position was more
flexed.
2) During the DCP
conditions, VL, RF and
GM muscle activations
were reduced.

Neither CGs nor
neuromuscular electrical
stimulation promoted
physiological or
perceptual recovery
compared with CON.

Fp, drag force; Cp, non-dimensional drag coefficient; Re, Reynolds numbers; FT, flow transition; HR, heart rate; VOomax, maximal oxygen consumption; VO, oxygen
consumption; TTE, running time to exhaustion; LT, lactate threshold; EMG, electromyography; RPE, rating of perceived exertion; CG, compression garment; PO,
power output; RER, respiratory exchange ratio; Sub1, a 5-min submaximal test; Sub2, a second 5-min submaximal test; DCF, directional compression; SCF, standard
compression;, GRF, ground reaction force; AR, anterior-posterior; ML, medial-lateral; COR, center of pressure; VL, vastus lateralis; VM, vastus medial; RF, rectus femoris;
BF, biceps femoris; GM, gluteus medius; TA, tibialis anterior: LF, lateral femoral; CK, creatine kinase; CMJ, countermovement jump.
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Rocking motion
level ground

Central stance
Lay back
Forward lean

Ramp pulling 336N

Central stance (Figure 3E)
Lay back
Forward lean

IRBP (see Figure 4)

BIAD (Figure 4A)
Slip-cateh (fat)

Phantom foot (fiat, ramp)
(Figures 4B,C)
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Runi# H BL BR TR TL FR FL
- N N N N N N N

)| -57.38 -6.80 -3667 -511 -688 8367 —148.00
2 -57.33 -887 -3328 -500 -691 -11567 -216.87
3 —67.24 -840 -3554 -484 -6.15 -—186.70 —247.11
4 -57.24 -801 -2844 -483 -627 -12450 -205.38
5 -57.27 -873 -33.13 -488 -548 -12685 -209.10
6 -67.28 -911 -5428 -491 -628 -12644 -214.23
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Run# Max. velocity Average velocity

- km/h km/h
1 59.9 342
2 58.9 36.1
3 50.9 36.2
4 66.2 36.1
5 87.1 53.0
6 747 53.1
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Energy

Vitamin D

Iron

Hydration

Importance for the youth winter sports athlete:
 Sufficient energy availability is essential for optimal growth, maturation, and sporting performance (>45 kcal~" - kg FFM~".day~" for adults).
Practical considerations and application:

« The energy requirements of youth winter sport athletes vary considerably. Consider each athlete’s anthropometric profil, rate of growth, NEAT, and
sporting demands (including training and competition load).

 Monitor rate of growth (stature and body mass) and maturation (maturiy offset, ie., time from PHV)-3-4 times per year.

« Bealert to any symptoms of low energy availabilty (RED-S) such as chronic fatigue sensation, low mood, reduced performance, poor
concentration, impaired immune system and in females, absence of menarche.

Education:

« Energy density and macro-/micronutrient content of different foods.

 Weighing out and visualizing a “typical day's food.”

« Importance of not missing meals and snacks.

« Planning nutition into their schedule (e.g., when traveling or at school).

Importance for the youth winter sports athlete:

« Winter sports athletes are at risk of vitamin D deficiency. This prohormone, alongside calcium, is required in suffcient quantiles for bone mineral
acerual to ensure optimal skeletal growth and development.

Practical considerations and application:

« Assess vitamin D status and supplement vitamin Ds accordingly. Vitamin D status can be obtained via a simple finger prick blood sample (and
appropriate analysis), or regular blood lab analysis.

« If unable to determine vitamin D status a safe dose (typically 800 IU per day—5600 IU per week) may be beneficial to prevent deficiency during
winter months.

« Consider ethnicity, habitual latitude, and frequency of skin exposure to sunlight.
Education:

« Difficult to be obtained in sufficient amounts through diet.

« Importance of (safe) sunlight exposure.

« Need for correcting a deficiency through safe sunlight exposure an/or supplementation.
Importance for the youth winter sports athlete:

« Iron is an important mineral for many biological processes. Iron requirements increase as a result of (tissue) growth and in females increase further
due to menarche.

Practical considerations and application:

« High prevalence of iron deficiency in youth athletes due to insufficient dietary iron intake.

« Iron requirements may be increased at altitude, which is relevant for altitude training camps.

« Non-haem iron (primarily from non-animal sources) has a low bicavailabilty making vegetarian/vegan athletes at greater risk of iron deficiency.
« Iron absorption is enhanced when consumed with vitamin G and is impaired when consumed alongside tea and coffee.

« In case of deficiency iron supplementation should be prescribed by a qualified clinical practitioner.

Education:

« Iron rich foods and their bioavailabilty.

 Food items and combinations that inhibit or favor iron uptake.

« Symptoms of iron deficiency (e.g., unexplained fatigue sensation, loss of concentration, diminished performance).

Importance for the youth winter sports athlete:

« There are differences in thermoregulation mechanisms between adult and youth athletes, and among adolescents depending on maturation state.

Furthermore, differences in environment, clothing, and metabolic demands between sports lead to differences in heat dissipation and subsequent
fluid requirements.

Practical considerations and application:
« Consider environment (i.e., temperature, humidity, and altitude) in addition to clothing.

« Appropriate fluid availabilty (whist considering environmental temperature) during training and competition, ensuring enough fluids are consumed to
prevent excessive dehydration (i.., >2% of body mass).

Add flavorings and use hot or cold drinks when appropriate to increase palatability and consumption.

Check urine color (aim for pale colored urine).

Check body weight pre- and post-training session/competition to assess fluid losses and determine optimal drinking strategy (including rehydration
at 1.5L flids per kg body mass lost).

Education:

* Urine color charts to illustrate hydration/dehydration.

« Individualized fluid loss assessment.

« Optimal drinking scheme for the specific sport.

NEAT, non-exercise activity thermogenesis; RED-S, relative energy deficiency in sport; PHV, peak height velocity. Please see main text for references.
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Injury type

Joints/igaments
Fractures/bone stress
Nervous system/concussion
Muscles/tendons

Contusion

Skinflacerations

Other injuries:

Information missing

Total

Alpine skiing World Cup  Alpine skiing European Cup*

474

229
82

109
62
28
12
07

100.0

448

318
88
92
a2
08
04
0.0

100.0

Freestyle skiing

434
225
128
04
87
08
17
07
1000

Snowboarding

338
27.0
127
15
17
09
16
08
100.0

Ski jumping*

49.4
124
68
191
68
22
22
11
1000

Total

415
244
14
107
87
14
15
07
1000

*Alpine sking European Cup includes data from sik seasons (2013-19), *Ski jumping includes data from five seasons only (2014-201). The bold fonts represent the
parcentages in the most commonly injury types.
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Athlete

Aspecs of body temperature
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Athlete's crash behavior
Athlete's individual responsiity
Alhlete's race preparation
Fatigue

Genstics and anthropometry
Physical aspects®
Psychological aspeats
Pre-injury aspects

Skiing technique and tactics
“Top five key injury risk factors.

Course

Poor visibilty

Course maintenance during race
Course setting in general

dumps

Level of course diffcuty

Safety net position and spil zone
Speed and course setfing aspects*
Speed and tapographic aspeats
‘Speed in general*

Topography in general

Equipment

Binding/plate

Gates (panels and poles)

Protectors and helmets.

Racing suits

sk

Ski boot

System ski, plate, binding and boot”

Snow

Aggressive snow conditions
Changing snow conditions”
Smooth snow surface:
Techniques in snow preparation
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Injured site

Knees

Head/face

Shouiders, dlavicula

Lower back, pelis, sacrum
Hands, fingers

Ankies

Lower legs. Achilles tendon
Chest (Stemum, ibs, upper back)
Hip/groin

Feet/heels/toes

Wrists.

Elbows

Thighs

Neck/cenical spine
Foreams

Upper arms

Abdomen

Other body parts

Total

Alpine skiing World Cup ~ Alpine skiing European Cup*

7.3
94
61
9.2
a7
38
80

17
21
1.4
12
06
21
07
05
06
05
01
100.0

360
88
50
84
134
71
956
17
17
21
29
08
13
0
04
04
04
0
100.0

Freestyle skiing

321
142
120
7.0
63
53
37
40
45
23
22
18
14
14
08
05
05
02
100.0

Snow-boarding ki jumping"

161 416
135 9.0
143 3.4
10.7 9.0
56 0.0
"2 146
29 34
a7 1
33 9.0
53 11
46 34
22 11
1.0 00
16 11
13 11
1.0 00
07 0.0
o 11
100.0 100.0

Total

299
121
105
89
7.3
71
52
34
34
30
28
15
15
12
08
o7
06
0.1
1000

*Alpine sking European Cup includes data from six seasons (2013-2019), *Ski jumping includes data from five seasons only (2014-201). Bold fonts indicate the most

common injury types.
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Body part injured Alpine skiing ~ Freestyle Snowboarding
World Cup  skiing

Knees 80.0 80.8 742
Head/face 61.8 55.4 45.0
Shoulders, clavicula 455 645 401
Lower back, pelvis, sacrum 43.0 38.8 46.0
Hands, fingers 30.5 291 284
Ankles 59.5 552 66.5
Lower legs, Achilles tendon 765 532 730
Chest (Stemum, ribs, upper back) 4.4 52,0 517
Hip/groin 47.8 509 452
Feet/heels/toes 929 517 562
Wrists 231 50.0 338
Elbows 50.0 478 536
Thighs 69.5 389 385
Neck/cervical spine 375 33.4 400
Forearms. 0.0 50.0 707
Upper arms s 100.0 923
Abdomen 80.0 16.6 444
Other body parts 1.0 0.0 0.0

Injury location is expressed as body part injured. The bold fonts represent the
proportion of moderate and severe injuries in the most commonly injured body
part.
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