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Abstract

The purpose of this narrative review was to describe the maximal strength, muscle power,
rate of force development, and muscle morphology of athletes across different ski disci-
plines. Specifically, this review synthesizes evidence on upper- and lower-body maximal
strength both dynamically and isometrically, muscle power through jumping performance
and rate of force development, and muscle morphology in competitive skiers. Furthermore,
it examines how these neuromuscular parameters adapt when resistance-training interven-
tions are incorporated into athletes’ routine training programs. Following a literature search,
30 studies met the inclusion criteria, 18 describing the ski athletes’ characteristics men-
tioned above and 12 evaluating the effects of resistance-training interventions. Altogether,
these studies involved 561 participants, with ages ranging between 14.6 & 1.1 years and
35 years. Overall, the above characteristics of ski athletes appear to align with sport-specific
demands, which vary across ski disciplines. The resistance-training protocols applied in
this population are predominantly high-load resistance training and it appears that resis-
tance training may benefit from increased emphasis in ski-specific preparation. However,
training programs tailored to the specific demands of each discipline are recommended.

Keywords: winter sports; ski disciplines; muscle strength; muscle power; muscle
morphology; RFD

1. Introduction

Neuromuscular performance encompasses several key physiological attributes in-
cluding muscle strength, power and muscle morphology [1-3]. Maximal muscle strength
represents the greatest amount of force or load that a muscle or a muscle group can produce
during a single voluntary effort [4]. Muscle power reflects the ability to generate force
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Ski sports place substantial emphasis on aerobic capacity, with elite cross-country
skiers typically demonstrating some of the highest VO,max values recorded, even higher
than 80 mL/kg/min [7,8]. Nevertheless, each skiing discipline also relies on distinct neu-
romuscular characteristics. On the one hand, ski jumping depends primarily on muscle
power, which is crucial for optimizing take-off mechanics and maximizing jumping per-
formance [9,10]. On the other hand, cross-country skiing and biathlon enhancements in
neuromuscular components have been linked to improved ski economy, thereby contribut-
ing to better overall performance [11,12]. In addition, upper-body strength and power have
been identified as critical contributors to performance in cross-country skiing, given the
substantial involvement of the arms and trunk in poling and propulsion [13,14]. Finally,
alpine skiing requires both muscle power and muscle strength, but with different emphases
depending on the event. Slalom and giant slalom place greater demands on muscle power
due to the high frequency of turns, whereas super giant slalom and downhill rely more
heavily on muscle strength because of longer, more sustained turns [15]. Although previ-
ous studies have examined the muscular capacities of elite ski athletes and explored their
associations with performance, these characteristics have not been characterized as clearly
or comprehensively as the aerobic profile of skiers.

Resistance training induces a wide range of neuromuscular adaptations that can en-
hance performance across various sports, including skiing. These adaptations include
increases in maximal strength, muscle power, maximal isometric contraction and rate of
force development, as well as improvements in muscle architecture and fiber-type recruit-
ment [1,16]. Previous studies have examined the integration of resistance training into
standard aerobic and technical ski training programs, to induce improvements in general
athletic performance. However, the specific impact of resistance training on the muscular
capacity of ski athletes has not yet been clearly determined. A detailed understanding of
these adaptations is essential to optimize training protocols and maximize performance in
different ski disciplines.

The importance of muscular capacity in skiers highlights the need to clearly define
the profile of these athletes. Therefore, the primary aim of the present review is to describe
the maximal strength, muscle power, maximal isometric contraction, rate of force devel-
opment and muscle morphology of ski athletes. The second aim is to examine how these
parameters adapt following a structured resistance-training program in ski athletes. It was
hypothesized that these characteristics will be described differently among the different ski
disciplines. Also, ski athletes will possibly benefit from resistance-training protocols.

2. Results

A total of 30 studies were included in the present review, 12 of which included
resistance-training intervention. Across all studies, 561 participants were enrolled, with
404 participating in cross-sectional designs and 157 in interventional studies. The sample
consisted of 212 men, 192 women, 117 young males and 94 young females < 18 years old as
well as 46 participants for whom gender was not reported. Participant ages ranged from
14.6 £ 1.1 years in the youngest cohort to 35 years in the oldest. Reported nationalities
included Norwegian, Swedish, Danish, Finnish, Italian; however, nationality was not
consistently provided across studies. The athletes represented a variety of skiing disciplines,
including alpine skiing, ski jumping, Nordic combined, cross-country skiing, biathlon, and
sprint skiing. All studies involved elite skiers competing at national or international level.
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2.1. Maximal Strength

Maximal strength assessed using the one-repetition maximum (1RM) test is presented
in Table 1. The 1RM test was performed in exercises such as squat, half-squat, pull-down,
bench press, and clean (Table 1).

Table 1. Maximal strength (IRM) of ski athletes.

Stud Participants” Characteristics Maximal Strength
tu
y Gender Level Age (Years) Exercise 1RM (kg)
[17] 31 16 boys athletes with 3 and 5 years of experience competingin ~ boys: 14.6 += 1.1, squat boys: 69 £ 13
15 girls national events girls: 149 + 1.0 ! girls: 49 £+ 10
[18] 16 men athletes of the Polish national ski jumping team 18-35 squat 112 +28
[14] 2 17 men well-trained cross-country skiers from high schools for 221484 half-squat 120.8 £21.9
12 women skiers in Southeastern Norway : : pull-down 87.4 4+ 16.5
; ; ; ; ; bench press 75 £ 10
[19] 16 men elite sprint skle'rs fror?n the Agstrlan and Norwegian 264448 P
national/international teams bench pull 68+9
squat 111.5 +10.7
elite alpine skiers, members of the Swedish national
[20] 14 women alpine ski team 18-30 bench press 65.5+ 6.3
cleans 80.2 £5.9
Squat strength of elite ski jumpers (112 kg) [18] was similar to elite alpine skiers with
similar age (111.5 kg) [20]. Bench press strength seems higher in sprint skiers (75 kg) [19]
compared to alpine skiers with similar age (65.5 kg) [20]. The highest value of lower-limb
strength was reported in half-squat of well-trained cross-country skiers (120.8 kg) [14].
Finally, it should be mentioned that data are highly heterogeneous without normalization
e.g., per body mass (kg/kg), which limits comparability across populations.
2.2. Muscle Power
Muscle power (Table 2) was evaluated through several jumping tests, including the
squat jump (SJ]), countermovement jump (CMJ), CM]J with arm swing (CM]Jas), repeated
CMJs for 30 s (CMJ30), 10-fold standing long jump, bench jumps for 20 s, standing long
jump, and triple jump. In addition, power output during the jump tests and during the
1RM assessments was calculated (Table 2). The main findings of Table 2 are presented
in Section 2.6.
Table 2. Jumping performance of ski athletes.
Participants’ Characteristics Power Output
Jump Jump Performance Other Power
Study N Gender Level Age (Years) Test (em) Jump Power Measurement
members of the junior and women:
20 men European Cup alpine ski 192£23, women: 27.5 £3.1 -
(21] 47 17 women teams of the Austrian men: 5] men: 35.2 + 3.4 presented in figure
Ski Federation 199+19
. boys: 1495 + 305 W
16 men athletes who competein 1y 641 boys: 34.4 £7.7 or25.5 4+ 2.9 Wa/kg CMJ30sec
[17] 31 15 national events, with N CM]J I L boys: 27.3 + 5.0 cm
women 3-5 years of experience girls: 149 + 1.0 girls: 29.8 2.6 girls: 1266 + 174 W girls: 22.6 + 2.4 cm
¥ or235 +1.69 W/kg FeebES
ski jumpers: from
CMJas 44.42 490 to
207 ski jumpers and groups of 5293 +£5.99
[22] 334 - 127 Nordic combined parﬁcipants - -
athletes, trained athletes at from 15.7 + 0.9 Nordic combined
various competitive levels to21.1£28 CMJas athletes: from
42.56 £ 5.58 to
49.45 £ 4.57
[18] 16 men athletes of the Polish 18-35 5] 543746

national ski jumping team

https:/ /doi.org/10.3390/physiologia6020031


https://doi.org/10.3390/physiologia6020031

Physiologia 2026, 6, 31

40f13
Table 2. Cont.
Participants’ Characteristics Power Output
Jump Jump Performance Other Power
Study N Gender Level Age (Years) Test (cm) Jump Power Measurement
. lite: 22.57 + 2.80
lite: 31.7 £ 4.2 °
. . SJ ¢ 4 W/kg, adolescent:
elite and adolescent alpine . adolescent: 29.4 + 4.8
12 men ski racers and ski-cross elite: 23.9 + 3_"0’ 20.20 £3.36 W/kg
[23] 24 adolescent:
12 women athletes from the 17.8 +0.7 . elite: 28.46 - 2.42
Canadian team ’ ’ CMJ d elhte. 3?_’%;;! 6.8 W/kg, adolescent:
adolescent: 9%.2 % 61 2724+ 525W/kg
well-trained cross-country SJ 28.0+5.1
[14] 2 1213\]1(1)1;rén skiers fror;(li':fshiichools for 21484 oM 315155
Southeastern Norway CMJas 359+55
elite alpine skiers of the S] 343+4
[20] 14 women Swedish national alpine 18-30
ski team M) 36239
Power during bench
elite sprint skiers from the Sl 33+8 press IRM test:
[19] 16 men Ausﬁrian ar}d Norw_egian 264+ 4.8 234£9W
national/ international Power during bench
teams pull IRM test:
491 +80W
elite alpine skiers of the
[24] 12 women Swedish national alpine 18-31 CMJ 35.1+5.1
ski team
SJ: squat jump; CMJ: countermovement jump; CMJas: countermovement jumps with arm swing.
2.3. Maximal Isometric Contraction
Maximal isometric contraction (MIC) was measured in the squat, knee extension, and
mid-thigh pull positions (Table 3). The rate of force development (RFD) was calculated
based on the SJ force-time curve (Table 3).
Table 3. Maximal isometric contraction and rate of force development of ski athletes.
Participants” Characteristics Isometric Measurement
Study N Gender Level Age (Years) Position/Jump MIC RFDpeak
[25] 15 _ international alpine skiing 24425 squat 317 + 78 N/kg
racers
. NC: from
207 ski jumpers and groups of .
127 Nordic combined athletes,  participants from knee extension 1003+ 1.58 N/kg to
[22] 334 - . . on the right 11.57 £ 1.01 N/kg; SJ: from
trained athletes at various 157+ 09 to d left limb K
competitive levels 21.1+28 and left fimbs 10.78 £ 140 N/kg to
12.76 + 1.36 N/kg
[18] 16 men athletes of the Pohsh national 18-35 s/ 110.73 £ 13
ski jumping team N/s/kg
126] 31 men athletes of the French national SL + GS: 23 + 4, mid-thieh oull SL + GS: 3286 + 713 N,
alpine team SG +DH: 25 + 5 shp SG + DH: 2769 + 459 N
elite sprint skiers from the squat 2961 £ 392N
[191 16 men Austrian and Norwegian 264 +48 4353 =+ 2408
national /international teams SI N/s (both legs)

MIC: maximal isometric contraction; SJ: squat jump; RFD: rate of force development; NC: Nordic combined;
SJ: ski jumpers; SL: slalom, GS: giant slalom; SG: super giant slalom; DH: downhill.

MIC was similar between ski jumpers and Nordic combined athletes [22]. However,

the heterogeneity of data (position/jump, units) does not allow comparison of MIC or RFD
among ski disciplines.

2.4. Muscle Morphology

Muscle morphology in ski athletes has been investigated in vastus lateralis, triceps
brachii, biceps femoris long head, and abdominal wall muscles (Table 4). The examined
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morphological characteristics included muscle fiber-type distribution, muscle fiber cross-
sectional area (CSA), the percentage contribution of each fiber type to total CSA (%CSA), as
well as measures of muscle architecture and the anatomical CSA of individual muscles or
muscle groups (Table 4).

Triceps brachii fiber-type cross-sectional area of cross-country skiers ranges between
4576-8978 um? [27,28]. Vastus lateralis fiber-type cross-sectional area of cross-country skiers
ranges between 5423-8970 um? [28,29]. Vastus lateralis fiber-type composition of cross-
country skiers ranges between 51-58% and 41-49% for type I and type Il respectively [28,29].
Triceps brachii fiber-type composition of cross-country skiers ranges between 39-40% for
type I and 60-61% for type 11 [28,29]. Nevertheless, fiber-type distribution and CSA data
are not enough for comparisons among ski disciplines.

2.5. Changes in 1RM Following Resistance Training

Studies that incorporated resistance-training interventions included high-intensity
strength training, and low-load resistance-training. Changes in 1RM strength were assessed
in double poling, pull-down, half-squat, deep squat, triceps press, bench pull, and bench
press exercises (Table 5).

1RM was increased after all resistance-training interventions reported in Table 5, even
after low-load resistance training [30]. Upper body strength was mainly evaluated in
cross-country skiers, reporting improvements from 9.9% in seated pull-down to 21.7% in
triceps press after 8 weeks of strength training 3/week [31]. Lower body strength was
increased similarly (12%) in cross-country [32] and Nordic combined [33] athletes after
12 weeks of heavy resistance training 2/week. Changes in lower-body maximal strength
after resistance training have not been reported in alpine skiers, ski jumpers or sprinters.

2.6. Changes in Muscle Power Following Resistance Training

Improvements in muscle power were evaluated through performance in squat jumps,
drop jumps, countermovement jumps, and the high-box test (Table 6).

CM] performance of elite and adolescent alpine skiers (range 34.2-36.2 cm) [20,23,24]
seems similar to cross-country skiers (range 31.5-34.2 cm) (Tables 2 and 6). Interestingly,
junior competitive skiers reported higher CMJ performance than adult elite skiers (range
43.0-48.8 cm, Table 6), although lower values have been reported for young athletes (range
29.8-34.4 cm) [17]. S] height is similar among alpine (range 27.5-34.3 cm) [20,21,23], cross-
country (range 28.0-31.9 cm) [14] (Table 6) and sprint (33.0 cm) [19] elite skiers. Again,
junior skiers performed higher values of SJ (47.7 cm) (Table 6) compared to adults. The
highest jumping heights were performed from elite ski jumpers in SJ (54.4 cm) [18] and
CM]Jas (52.3 cm) [22].

It should be mentioned that jumping performance was not always improved after
strength resistance training [15,32,34]. The highest improvement was recorded in elite
cross-country skiers, reporting 11.3% increase in SJ and also 8.2% increase in CM] after
6 weeks of explosive-type strength training [35].

2.7. Changes in MIC Following Resistance Training

Changes in MIC were measured in leg extension, pull-down, leg press, knee extension,
and knee flexion (Table 7). Only three training interventions assessed MIC, with data
reported across eight different testing positions. Interestingly, MIC improved in the leg
press (85° knee angle) and knee flexion (120° knee angle) only after a 6-week general
strength training program performed 3/week in junior skiers [34]. In contrast, neither
explosive nor heavy resistance training improved MIC in cross-country skiers [35,36], while
no data on MIC was reported for other ski disciplines.
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2.8. Changes in Muscle Morphology Following Resistance Training

Finally, muscle morphology adaptations following resistance training were examined
in the vastus lateralis, triceps brachii, and quadriceps muscles (Table 8). Adaptations in
muscle architecture have been assessed only in Nordic combined athletes [33]. Resistance
training interventions focusing on upper-body exercises resulted in an increase in triceps
brachii CSA, but not in vastus lateralis CSA, in competitive cross-country skiers [32,37].
Muscle morphology adaptations have not been reported in other ski disciplines.

Table 4. Muscle morphology and muscle fiber distribution of ski athletes.

Participants’ Characteristics Muscle Morphology
Study o 5
Gender Level Age (Years) Muscle % Fibers Fiber CSA %CSA Muscle Architecture Anatomical
8 (um?) CSA (em?)
ast Type I: 68.6 + 8.2, Type I: 6065 + 1179 TypeI: 68.0 + 9.4
skiers or candidates on the Intorals Type lla: 27.6 + 6.9, Type lla: 6255 + 1108 Type lla: 28.6 £ 8.6
i national ski team of Sweden Type IIx: 3.8 + 2.6 Type IIx: 5518 £+ 711 Type IIx: 3.4 +2.2
271 10 men and Denmark, systematically 194428
trained f "_37’7 rs triceps Typel: 51.3 +£13.2, Type I: 5678 + 1182 Typel: 41.1 £ 14.7
amedor s=7years braéﬁ{i Type ITa: 46.1 +13.2,  Type ITa: 8978 + 2204 Type Ila: 56.4 + 15.1
Type IIx: 2.6 £ 3.2 Type IIx: 5554 + 3969 Type IIx: 2.5 + 3.1
MHC-E: 58 + 2, Type I: 5423 + 272
) ) vastus MHC o 41 + 2 Type Ila: 6811 + 297
elite Norwegian lateralis MHIx: 1.0 £ 04 Type IIx: 6590 + 363
cross-country skiers at FIIx: 1.0 £ 0. Type Ia/x: 5840 + 518
[28] 10 men national level (systematically 241
trained for an average of . Type L: 5356 + 200
11 years) triceps I\:\I/I[-I]é%I 420ii33 Type Ila: 8105 + 394,
brachii MHCIIx: 0 4t 0’2 Type IIx: 6125 + 960
o ! Type Ila/x: 4576 + 176
cross-country skiers who vastu§ MHC-I: 51 + 12, MHC I: 8970 + 1906,
competed in sprint and lateralis MHC-IT: 49 + 12 MHCII: 8211 + 1382
[29] 8 men di h ional 24+ 4
‘5‘i‘;‘;ﬂ’::::;;alelzigf“a triceps MHC-T: 39 + 6, MHC I: 7619 + 2566,
brachii MHC-IL: 61 + 6 MHC II: 8807 + 2142
fascicle length:
- . . . 9.2+ 1.3 cm
33 girls competitive alpine skiers of biceps pennetion angle:
[38] 95 8ir's the Swiss National Skiing 14.8 £ 0.6 femoris o 82+15
62 boys P 11.0£23
7 Association long head muscle thickness:
19+ 03 cm
muscle thickness
. . . . : from
elite alpine skiers who women: abdominal women:
[39] 22 ﬂ b?}lls compete at both national and 17.3 £1.35 wall 1237'41 1ifé7 mm to .
8irls international levels men: 16.6 = 0.5 muscles fro.rn 4 04'1 +[§g1;nmmert\0
16.4 £ 2.22 mm
women:
. 44.19 +5.18
hamstrings men:
[40] 33 10 women elite alpine skiers, members zivsorie;:é 54.10 £ 5.56
13 men of a national ski squad men: 23.0 + 2.5 women:
. 91.22 +£11.52
quadriceps ‘men:
111.45 £ 20.95
CSA: Cross-sectional area; % CSA: Percentage muscle fiber cross-sectional area.
Table 5. Changes in maximal strength (IRM) after strength resistance training in ski athletes.
Participants’ Characteristics Intervention 1RM
Study N Gender Level Age (Years) Ty}.’? of Duration Frequency Exercise Pre (kg) Post (kg) r
Training
cross-country skiers, high-intensity
[11] 8 women competing at the regional 178 £ 04 strength 9 weeks 3/week double poling 248 +1.0 284+12 <0.05
level in Norway training
highly trained cross- high
[36] 19 men 1Y trainec cross 210+ 16 resistance- 9 weeks 3/week pull-down 438+38 53.4 +34 <0.00
country skiers L
training
d .
v eross heavy seate increase 19 + 2% <0.01
3 women competitive cross- ull-down
[32] 9 6 men country skiers 21.2+32 strength 12 weeks 2/week P!
training half-squat increase 12 + 2% <0.01
national or international level heavy deep squat increase 12 + 2% <001
[33] 8 men Norwegian Nordic 1942 strength 12 weeks 2/week seated
combined athletes training pL;ll-down increase 23 + 5% <0.01
seated .
vell-trained cross- strength 9 96.8 +£12.2 increase 9.9 + 4.4% <0.01
[31] 21 men v Zou;:-;;cskic;::g 28+4  training 8 weeks 3/week pull-down
intervention triceps press 36.6 + 4.6 increase 21.7 4 10.8% <0.01
low-load or bench pull l(.JW load: 36.7 + 7.4, lgw load: 42.5 + 8.7, <0.00
cross-country skiers high-load high load: 48.8 + 6.3 high load: 55.8 + 7.5
[30] 15 not mentioned - d biathl t - 16 +2 & t 10 weeks 2/week
and biathietes resistance low-load: 32.9 + 87, low load: 35.8 + 8.3,
training bench press <0.00

high load: 43.1 £ 7.2

high load: 48.9 + 8.9
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Table 6. Changes in muscle power after strength resistance training in ski athletes.

Participants’ Characteristics Intervention Jump Performance (Height) Jump Peak Power
Study N Gender Level (YI: E:s) Duration Frequency Test Pre Post 4 Pre Post P
S SJ 319 +28cm 35.5+3.0cm <0.01
Bsl 7 men Finnish cross-country 198418 6weeks 6-9/week
skiers at a national level cMyJ 3424 2.6cm 37.0 £ 2.8 cm <001
8boys hieh- number of number of
[41] 16 8 ?‘}1"_ competitive skiers 129+15 3 weeks 3/week b >‘(gl st repetitions: repetitions: <0.05
Birls o tes 498+129 5524174
(@VY1) 484 4 6.1 cm 49.9 £7.1 ecm ns 539 +£6.5W/kg 547 +£71 ns

junior skiers from the
[34] 7 girls Swiss winter-sport 15-20 6 weeks 3/week SJ 477 £71cm 45.7 & 6.6 cm <0.05 56.5 £ 7.3 W/kg 549 +£7.7 <0.05
development school

D] 27.74+79 cm 268 +59 ns 203 +21 W/kg 198 + 10 ns
athletes competed in CMJ (Incl:jeatse) <0.05 (Incx;jeatse) <0.05
s . el no data no data
[42] 20 10 b‘_’}“S national Alpme skiing 147 £1.04 2 years 3/week
10 girls events with 3-5 years years ’ oMy
of experience 5") increase for boys only (no data) <0.05
B2 9  Swomen competitive cross- 212432 12weeks 2/week oMy increase 1.7 + 2.4% ns
6 men country skiers

national or international
[33] 8 men level Norwegian Nordic 1942 12 weeks 2/week SJ increase 8.8 £ 1.7% <0.01
combined athletes

CMJ 43.0+£9.3 cm 43.8 £10.6 cm ns

[43] 12 men Italian elite junior skiers 18+1 8 weeks 2/week
DJ 354+ 10.4 cm 35.7 £10.7 cm ns

SJ: squat jump; CMJ: countermovement jump; DJ: drop jump.

Table 7. Changes in maximal isometric contraction after strength resistance training in ski athletes.

Participants’ Characteristics Intervention
Study
Gender Level Age (Years) Type of Training Duration Frequency Position Pre Post r
[35] 7 men  Finnishcross-country skiers at 19.8+1.8 explosive type 6 weeks 6-9/week Kknee extension 2626 + 726 N 2518 + 702N ns
a national level strength training
[36] 19 men highly tramec! Cross- 21.0 £ 1.6 high resis 9 weeks 3/week pull-down no data no data no data
country skiers tance training
leg press
(85° knee angle) 1100 + 279 N 1233 + 226 <0.05
leg press
(100° knee angle) 1658 £ 279N 1745 + 341 ns
knee extension
junior skiers from the Swiss resistance (120° knee angle) 282 +37N 277 +£52 ns
[34] 7 girls winter-sport 15-20 trai n‘i n 6 weeks 3/week
development school g knee extension 214 25N 212455 ns
(135° knee angle) "
knee flexion
(120° knee angle) 146 £ 20N 131 £ 19 <0.05
knee flexion 150 £ 19N 145+11 ns

(135° knee angle)

Table 8. Changes in muscle morphology after strength resistance training in ski athletes.

Participants’ Characteristics Intervention Muscle Morphology
Study Type of . M
Gender Level Age (Years) Training Weeks q! y Pre Post P
triceps brachii 2 2
CSA Type I 5900 + 503 pm 6567 4= 496 pum' <0.05
competitive triceps brachii -
cross-country skiers general CSA Type IIA 7567 + 578 pum? 9383 & 779 um? <0.05
[371 6 men with >6 years of 19+1 strength 20 weeks 2/week
competition in training vastus lateralis 2 2 .
cross-country skiing CSA Type I 6100 + 267 pm 6000 + 403 pm’ ns
vastus lateralis 2 2 .
CSA Type lIA 6800 =+ 403 pum 6900 =+ 365 pm’ ns
iti heavy triceps brachii CSA increase 5.5 + 2.1% <0.01
v titive P!
(321 9 3 women o e 212432 strength 12 weeks 2/week
men Y training quadriceps CSA no data ns
vastus lateralis increase 7.4 + 2.7% <0.05
thickness
national or international heavy vastus lateralis
3. men level Norwegian Nordic streng 12 weeks ‘weel . 1+ 1 ’ 1. ns
1331 8 level g d 19+2 trength 2 week 2/week ciclo anelo 22.1 +1.0° 228+ 1.1°
combined athletes training scicle ang
vastus lateralis 66+ 0.4cm 68+03cm ns

fascicle length

CSA: Cross-sectional area.

3. Discussion

The purpose of the present review was to describe the existing findings on maximal
upper- and lower-body strength, muscle power, maximal isometric contraction and rate of
force development, as well as muscle morphology across different ski disciplines. In addi-
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tion, we reported the documented changes in these neuromuscular parameters following
the integration of resistance-training programs into regular sport-specific training routines.

The highest maximal-strength values were observed in the squat exercise among adult
cross-country skiers, with a reported mean of 121 kg (17 men, 12 women, mean body mass
69 + 9 kg, strength-to-body mass ratio 1.75 kg/kg) [14]. To better interpret the magnitude
of this value, comparisons with other populations are informative. Physically active healthy
women typically achieve approximately 100-133 kg in the 1RM half-squat test (strength-
to-body-mass ratio 1.66-2.26 kg/kg) [44,45]. In contrast, elite female weightlifters in the
—64 kg weight class have been shown to reach maximal squat values of up to 185 kg
(strength-to-body mass ratio 2.89 kg/kg), whereas elite male weightlifters in the —72 kg
weight class can reach approximately 243 kg (strength-to-body mass ratio 3.38 kg/kg) [46].
Although weightlifting training focuses on resistance training at a different level compared
to skiing, these comparisons indicate that the highest lower-body maximal-strength value
found in cross-country skiers is relatively low. This finding may emphasize that cross-
country performance is strongly dependent on lower-body technique. Additionally, cross-
country training predominantly focuses on aerobic endurance rather than maximal-strength
development, which may partly explain these results. However, considering that 1IRM
squat performance is associated with key endurance-related outcomes, including time
to exhaustion in double poling, VO,max, and maximal aerobic speed in cross-country
skiing [14], greater emphasis should likely be placed on improving maximal lower-body
strength within ski-specific training programs. One previous study reported that 12 weeks
of heavy strength training performed twice per week can induce approximately a 12%
increase in squat performance [32]. Unfortunately, the maximal-strength characteristics of
alpine skiers, sprint skiers, and ski jumpers remain poorly documented, highlighting the
need for further research to define their maximal-strength profiles.

Upper-body strength is also a key factor for cross-country skiing performance. Pull-
down performance also correlates with physiological and performance indicators in cross-
country skiers [42]. The highest pull-down values reported in the literature come from
well-trained cross-country skiers who demonstrated a mean seated pull-down performance
of 97 kg (strength-to-body mass ratio 1.24 kg /kg, Table 1) [31]. Indeed, upper-body contribu-
tion plays a crucial role in double poling, even exceeding that of the lower body [47], which
may explain the relatively high levels of upper-body strength observed in cross-country
skiers. Moreover, resistance-training interventions targeting the upper body appear to be
effective: an 8-week strength-training program produced approximately a 10% increase in
pull-down strength (Table 5) [31].

Laboratory-based assessments of jumping performance were, as expected, higher in
ski jumpers, who demonstrated mean values of 53 cm in the CM]Jas (Table 2) [22], and 54 cm
in the SJ (Table 2) [18]. These values are considered exceptionally high, given that elite high
jumpers typically achieve mean CM] heights (without arm swing) of 43 cm in men and
33 cm in women [48]. Likewise, elite throwers reach CMJ performances of 32-33 cm [49].
Alpine skiers also appear to possess relatively strong jumping capabilities, exhibiting mean
CM]J heights of 36 cm (Table 2) [23]. The combined demands for strength and power in ski
jumping may explain the high performance observed in jumping tests. In addition, the
contribution of equipment mass and snow friction during each jump likely increases the
overall mechanical demands, thereby requiring greater muscle power output. These factors
may contribute to enhanced neuromuscular adaptations in ski jumpers compared to non-
ski power athletes. Among the resistance-training interventions included in the literature,
the most effective improvement in jump performance was reported in cross-country skiers
by Paavolainen et al. [35] (Table 6). Their program incorporated explosive-type strength
training, consisting of various jump exercises performed with low external loads and high
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movement velocity alongside squat lifts, which resulted in approximately 18% increase in
SJ performance and 8% increase in CMJ performance. Despite these findings, resistance-
training interventions specifically targeting muscle power in jumping skiers and alpine
skiers remain limited, and additional studies are needed to establish more clearly optimal
training strategies for enhancing explosive performance in these populations.

MIC has been insulfficiently investigated in ski athletes. The highest MIC values were
observed in alpine skiers and sprint skiers, reaching moderate levels of approximately
3000 N in mid-thigh pull and squat positions (Table 3). For comparison, elite weightlifters
can produce around 5000 N during isometric leg-press efforts [50], whereas physically active
healthy women typically reach approximately 1800 N [45]. The moderate-to-high MIC
values observed in alpine skiers may be explained by the substantial isometric demands
placed on the outside limb during turning [15], while sprint skiers rely on powerful
isometric contractions during the initial phase of the course [9,10]. RFD has been assessed
exclusively during jumping tasks in the existing literature; however, no studies have
examined RFD during isometric efforts in ski athletes. Future research should evaluate
isometric RFD and determine its contribution to ski performance across different disciplines.

Vastus lateralis muscle fiber distribution has been examined in cross-country skiers
(Table 4) [28] as well as in mixed groups of ski athletes from various disciplines, including
sprint, long-distance, and alpine skiing (Table 4) [27,29]. Overall, findings show that type I
muscle fibers predominate in the vastus lateralis of elite skiers, although the magnitude
of this predominance varies—ranging from a small difference of about 2% [29] to a larger
difference of approximately 35% [27] compared with type II fibers. Still, discipline-specific
comparisons of vastus lateralis fiber composition are needed, given the distinct mechanical
and metabolic demands across ski events. In the upper body, triceps brachii fiber distribu-
tion in high-level cross-country skiers appears to consist of roughly 60% type II and 40%
type I fibers (Table 4). The proportion of type IIx muscle fibers in the vastus lateralis and
triceps brachii ranges from 0.4% to 3.8%. It is well established that type IIx fibers can tran-
sition to type Ila fibers in response to exercise training [1]. Therefore, the neuromuscular
demands of ski training may promote this fiber-type transformation, which could explain
the relatively low proportion of type IIx fibers observed in ski athletes. The CSA of type I
and type Ila fibers range between 5500 and 8000 um?, values that align with those reported
in other athletic populations involved in endurance- or strength-dominant sports [51].

Muscle architecture has been sparsely investigated in ski athletes. Vastus lateralis
fascicle length is approximately 8 cm long with pennation angle of 13° in non-athletic
populations [52]. In contrast, Rennestad et al. [40] reported shorter fascicle lengths (6.6 cm)
and greater pennation angles (22°) in the vastus lateralis of international level Nordic
combined athletes, suggesting that long-term ski training may be associated with increased
pennation angle and reduced fascicle length. Notably, these architectural characteristics did
not change following 12 weeks of heavy strength training in the same population [33]. Ad-
ditional studies are therefore needed to further elucidate muscle architectural adaptations
in ski athletes.

The present review outlines several key neuromuscular characteristics of ski athletes;
however, important parameters such as muscle mass, electromyographic activity, and
markers of muscle fatigue remain insufficiently documented in this literature. Furthermore,
no quantitative statistical analyses, such as effect size calculations or assessments of gender-
based differences, were conducted in this review. Therefore, the findings of the present
review are primarily descriptive, lacking statistical comparisons across groups such as
ski disciplines or age categories, which limit their interpretability. In addition, variability
in participant characteristics among studies, particularly in terms of training experience
and age, increases data heterogeneity. It should also be noted that the resistance-training
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protocols included across the examined studies varied substantially with respect to exercise
selection, training loads, volume, and repetitions. Detailed descriptions of these protocols
are not provided here, as such analysis fell outside the scope of the present work. Finally,
the method used to obtain quantitative parameters has not been verified; therefore, some
values may vary.

Several studies also examined the effects of the resistance-training interventions on
performance-related outcomes. Performance was primarily assessed using VO,max tests
conducted on double poling ski ergometers or treadmills. However, evaluation of actual
race performance has not been measured, although it is the most important outcome for
competitive athletes. Future research should therefore examine whether improvements
in neuromuscular characteristics following resistance-training interventions translate into
enhanced competitive performance. In addition, key training details such as the time of
year during which the program is implemented, the total duration of the intervention, and
the primary training objective (e.g., maximal strength, power, or endurance) should be
clearly specified.

4. Materials and Methods

A manual search procedure was performed in November 2025 through electronic
databases, Pubmed and Google Scholar. No filters and limits were used during search.
The key words used were: rate of force development, maximal strength, 1RM, power,
muscle power, explosive, strength, muscle hypertrophy, muscle cross-sectional area, fiber
type, muscle architecture, fascicle length, muscle thickness, fascicle angle, muscle morphol-
ogy, ultrasonography, resistance training, strength training, together with the word “ski”
separated with a comma.

The inclusion criteria of the studies were: (i) the participants were experienced ski
athletes, (ii) the athletes were active taking part in races in the year of the measurements,
(iif) age < 35 years without specific gender or ethnicity, (iv) at least one test was evaluated
in the study including maximal strength, muscle power, isometric strength, rate of force
development, muscle architecture and muscle fiber type and cross-sectional area, (v) train-
ing intervention studies included only resistance training (of any type) with a duration
of at least 3 weeks, (vi) data was presented as group means, (vii) peer-review original
articles. The exclusion criteria were: (i) non-English publications, (ii) conference abstracts,
(iif) narrative reviews, systematic reviews, and meta-analyses.

For each database, the first 20 studies were initially retrieved. Titles and abstracts were
then screened to assess eligibility based on the inclusion criteria, and duplicate records were
removed during this process. Subsequently, full-text articles were reviewed to determine
final eligibility according to the predefined inclusion and exclusion criteria. The screening
and selection process was conducted solely by the first author, and no automated tools
were used.

5. Conclusions

In conclusion, despite the heterogeneity of the included studies, the neuromuscular
characteristics investigated in the present study appear to correspond with sport-specific
demands, which vary across ski disciplines. Alpine skiers exhibit moderate to high MIC,
likely reflecting the substantial isometric demands placed on the outside limb during
turning. Ski jumpers are distinguished by high muscle power, as evidenced by jumping
performance. Cross-country skiers display moderate lower-body strength, suggesting a
greater reliance on technique, and high upper-body strength, which is closely associated
with performance. Resistance training has been shown to improve these neuromuscular
parameters; therefore, training programs tailored to the specific demands of each discipline
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are recommended. Alpine skiers may benefit from incorporating isometric contractions into
their resistance training, whereas explosive training is advised for ski jumpers to enhance
muscle power. Strength training targeting both upper and lower body is suggested for
cross-country skiers. However, muscle morphology remains poorly investigated in ski
athletes. Further research is needed to better characterize neuromuscular profiles and to
examine adaptations to resistance training across different ski disciplines.

Author Contributions: Conceptualization, P.S. methodology, P.S.; software, P.S.; investigation, P.S.;
data curation, P.S. and G.T.; writing—original draft preparation, P.S.; writing—review and editing,
PS. and G.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: There is no new data.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

1RM one-repetition maximum
SJ squat jump
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CMJas countermovement jump with arm swing
CMJ3p countermovement jump for 30 s

MIC maximal isometric contraction
RFD rate of force development
CSA cross-sectional area

%CSA  percentage cross-sectional area
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