1' frontiers
in Physiology

ORIGINAL RESEARCH
published: 18 December 2017
doi: 10.3389/fphys.2017.01069

OPEN ACCESS

Edited by:
Billy Sperlich,
Integrative & Experimentelle
Trainingswissenschaft, Universitat
Wiirzburg, Germany

Reviewed by:
Thierry Busso,
University of Saint-Etienne, France
Jamie Stanley,
South Australian Sports Institute,
Australia

*Correspondence:
@yvind Sandbakk
oyvind.sandbakk@ntnu.no

Specialty section:
This article was submitted to
Exercise Physiology,
a section of the journal
Frontiers in Physiology

Received: 29 September 2017
Accepted: 05 December 2017
Published: 18 December 2017

Citation:
Solli GS, Tgnnessen E and
Sandbakk @ (2017) The Training
Characteristics of the World's Most
Successful Female Cross-Country
Skier. Front. Physiol. 8:1069.
doi: 10.3389/fphys.2017.01069

Check for
updates

The Training Characteristics of the
World's Most Successful Female
Cross-Country Skier

Guro S. Solli*, Espen Tgnnessen ? and @yvind Sandbakk *

1 Department of Sports Science and Physical Education, Nord hiversity, Bodg, Norway,2 The Norwegian
Olympic Federation, Oslo, Norway? Department of Neuromedicine and Movement Science, Centreof Elite Sports
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The main aim of this study was to investigate the training chacteristics of the

most successful female cross-country skier ever during théest period of her career.
The participant won six gold medals at the Olympic Games, 18 g/d medals at the

World Championship, and 110 World Cup victories. Day-to-dg training diary data,
interviews, and physiological tests were analyzed. Tramg data was systemized by
training form (endurance, strength, and speed), intensitflow- (LIT), moderate- (MIT),
and high-intensity training (HIT)], and mode (running, clg, and skiing/roller skiing),
followed by a division into different periodization phasesSpeci ¢ sessions utilized in the
various periodization periods and the day-to-day periodation of training, in connection
with altitude camps and tapering toward major championship, were also analyzed.
Following a 12-year nonlinear increase in training load, ¢hannual training volume during
the ve consecutive successful years stabilized at 937 25 h, distributed across 543 9

sessions. During these 5 years, total training time was disbuted as 90.6% endurance-,

8.0% strength-, and 1.4% speed-training, with endurance-taining time consisting of
92.3 0.3% LIT, 29 0.5% MIT, and 4.8 0.5% HIT. Total LIT-time consisted
of 21% warm-up, 14% sessions <90 min, and 65% long-duration sessions>90 min.

While the total number of LIT sessions remained stable acrosghases (32 sessions),
total LIT-time was reduced from GP (76 h/month) to SP (68 h/math) and CP (55
h/month). MIT-time decreased from GP (2.8 h/month) to SP (2. h/month) and CP

(2 h/month). HIT-time increased from GP (2.8 h/month) to SP3(2 h/month) and CP

(4.7 h/month). Altitude training accounted for 18-25% of anual training volume and
performed across relatively short training camps (16 days) with a clear reduction of
HIT training, but increased total and LIT volume compared teea-level training. Training
before international championships included a 2-week inease in LIT and strength
volume followed by a gradual reduction of training volume ahincreased HIT during
the last week. This study provides unique data on the world'snost successful female
cross-country skier's long-term training process, incluthg novel information about the
distribution of and interplay between sessions of differdrforms, intensities, and exercise
modes throughout the annual season.

Keywords: altitude training, endurance training, high-in
training, strength training, tapering

tensity training, performance, periodization, speed
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INTRODUCTION (Sandbakk et al., 2011b, 2016; Tonnessen et al.),2b@4lesign
of speci ¢ sessions within the di erent zones and modes are not

Cross-country (XC) skiers optimize their training to perform well illustrated in the current literature.
in competitions ranging from multiple 3-min sprint races to  In terms of periodization, most XC skiers use a traditional
prolonged endurance races lasting up to 2 h. These compeditiomnodel, alternating between high- and low-volume weeks while
are performed across varying terrain while changing betweekeeping the number of MIT and HIT sessions relatively stable
the di erent sub-techniques in classic and skatinga(idbakk (two to three sessions per weékinnessen et al., 20)L.4However,
and Holmberg, 201)7 Although the average aerobic energysome athletes organize the training in blocks with incredeeus
contribution is 70-75% in sprint races and 85-95% for longeon developing speci ¢ capacities over shorter pericélsr(dbakk
distances, the race format is interval-based, with in@dasort  and Holmberg, 201)7 Altitude training represents a signi cant
in uphill terrain and lower intensities downhillNorman et al., portion of world-class XC skier training and is an important
1989; Sandbakk et al., 2011a; Sandbakk and Holmberg).201piece of the periodization puzzlé&éndbakk et al., 201.6The
Furthermore, the majority of competitions involve massrga main aim of these altitude training camps (living atl,800—
in which sprint ability is critical in determining the nal rsult. 2,000 m above sea-level and training at 1,000-3,000 m) iglynai
Accordingly, high aerobic capacity is of crucial importanoe i to positively stimulate hematological parameters, and thereb
XC skiing, as re ected by world-class XC skiers' higDomax  improve performance during the subsequent training and/or
values #80 and 70 mLkg ' min ! for men and women, competition period Willet et al., 201} However, in XC skiing,
respectively) $altin and Astrand, 1967; Ingjer, 1991; Sandbaklltitude training also provides an opportunity for many hours
etal., 2011b, 2016; Tonnessen et al., 20Hawever, XC skiers of skiing on snow throughout the dry-land training period
also need the ability to rapidly elevate their peak oxygen uptak(Sandbakk and Holmberg, 200l Although training at altitude
utilize a high fraction of theil Oomaxin all of the sub-techniques, has been used by endurance athletes for several decadestecc
and have well-developed skiing e ciency and anaerobic cdpaci descriptions of the micro periodization of successful atsels
(Sandbakk and Holmberg, 20l Unique for XC skiing, both lacking in the literature.
training and competitions involve large uctuations in speed To ensure peak performance, a typical tapering approach
work rate, and metabolic intensity, in addition to a varyiltjd  has been to perform 2—4 weeks of overload training, followed
on the upper and lower body with the di erent training modes by 1-3 weeks with decreased loaHe(lard et al., 2013
and sub-techniques utilized. Hence, the training of XC kis  Bosquet et al. (200#gported that performance improvements
made up of a sophisticated puzzle of training sessions of daere are highly sensitive to reductions in training volume andath
forms, intensities, and exercise modes that has not yet beehe optimal range of volume reduction is 41-60%, without
examined in detail. substantial decreases in training frequency, comparede@tk-

World-class XC skiers have previously reported 800-95tapering training. However, a recent studyonnessen et al.,
annual training hours Tonnessen et al.,, 2014; Sandbakk2019 observed that gold medal winning athletes in XC skiing
et al., 201§ Of the total annual training volume> 90% of and biathlon used a more modest and progressive reduction
elite XC skiers' has been reported to be endurance trainingn training volume, with a relatively small reduction dugn
with the remaining 10% performed as strength or speedthe last weeks prior to gold-medal performance. The authors
work (Sandbakk et al., 2011b, 2016; Tonnessen et al.,).201dpeculate that this progressive tapering strategy could bé idea
These studies showed a pattern of endurance training timi sports with a dense competition schedule, as is the case
distributed as 88-91% low-intensity training (LIK VT1 in XC skiing. However, the study reports large individual
aerobic threshold), 3-7% moderate-intensity (MIT,MI> VT,  dierences in tapering behavior and does not consider the
anaerobic threshold), and 5-8% high-intensity traininglTH speci ¢ sessions utilized during the nal phases of the taper.
>VT,). As also shown in other endurance spor&iqggl and Thus, tapering behavior in world-class endurance athletes is
Sperlich, 201 a pyramidal training pattern is often found lacking, particularly in athletes who have attained repeated
during the preparation period, whereas more polarized trainingsuccess in major championships.
is done in the competition phase. The training of world-class XC skiers involves manipulation of

Approximately 60% of the total training time is performed variables such as di erent training forms (endurance, styin
during the general preparation period between May and Octobeand speed), exercise modes (loading of the upper and/or lower
This period typically includes high volumes of LIT and 50-60%body), session organization (continuous or interval), aadying
of the endurance-training conducted as sport-speci ¢ ex&&ci terrain, making it more complex than many other endurance
(e.g., roller skiing and skiing), with the remainder mainly sports. This makes it particularly challenging to investgat
performed as running (onnessen et al., 2014; Sandbakk et alat a group level. Case studies allow us to investigate every
2019. The remaining 40% of annual training is performed piece of the training in detail and expand our understanding
during the specic preparation and competition phase, withof champion performance development. Earlier case studies of
decreased total volume, increased amount of HIT (includg  high-level endurance athletes have focused on physioloigisal
40 competitions) and higher amount of sport-speci ¢ activity data (Jones, 1998, 2006; Bell et al., J@r7short-term training
forms (Sandbakk and Holmberg, 20L7While the intensity studies Gtellingwerf, 2012; Mujika, 2014; Manunzio et al., 2016;
distribution and use of activity forms during di erent phases Ronnestad et al., 201.70nly a minority of studies consist
of the year are well covered by several retrospective studie$ longitudinal training data spanning several years, and th
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majority of these focus on male subjectsgham et al., 2012; 10.5% incline using a graded protocol, including 4—6 periods
Tjelta, 2013; Bourgois et al., 2014; Tjelta et al., 2014tRind  of 5-min stages with stepwise 1-km/h increases in workload
Grappe, 2016 (Enoksen et al., 20).1The same treadmill (Woodway Gmbh,
Therefore, the primary aim of this study was to investigatel24 Weil am Rhein, Germany) was used at all tests and lactate
the training characteristics of the most successful fend@lskier concentration was measured from the ngertip by an YSI 1500
ever during the best period of her career, including the daygddy  sport lactate analyzer (YSI, Ohio, USA) directly after compteti
periodization of her training in connection with altitude o@s  of each stage/O» was recorded between the third and fourth
and tapering toward major international competitions. In @d minute at each stage using an Oxycon Pro (Jaeger-Toennis,
to interpret these ndings in the perspective of her long-termWurtzburg, Germany) metabolic test system. AT was deterchine
development process, the secondary aim was to characterize fa¢ the workload corresponding to 1.5 mmol/1 higher lactate

longitudinal training patterns over 17 years. concentration than the baseline value (averaged over tle tw
rst measurements). Total, lean, and fat mass were analyzed
METHODS for the -Iegs, trunk, arms, and head using _dual-energy X-ray
absorptiometry (DXA) (Encore 2007, Version 11.4, General
Participant Electric Medical Systems, Madison, WI, USA), and presented in

The participant (born in 1980) is the most successful femalabsolute valuesTéble 1).

competitor of all time in the winter Olympics and Nordic . o

skiing World Championships. This includes six Olympic gold Tfaining Monitoring

medals (four individual, two team), 18 gold medals from theThe participant recorded her day-to-day training in digital
FIS World Ski Championship (12 individual, six team), 110diaries designed by the Norwegian Ski Association and the
individual FIS World-Cup victories, and four wins of the oeé ~ Norwegian Olympic Federation. The training recorded for
FIS World Cup EIS, 201). The study was evaluated by the each session included total training time distributed asros
regional ethics committee of mid-Norway, and approved bytraining form (endurance, strength, and sprint), activitgrin

the Norwegian Social Science Data Services (NSD). Writtefgkiing, roller-skiing, running, cycling, etc.), and imisty
informed consent was obtained from the participant for thezone. Specic comments regarding session details were also
publication of this study, which was performed according te th recorded.

Helsinki declarations. To register the endurance-training intensity, the ve-zon
intensity scale developed by the Norwegian Olympic Federatio
Overall Design was used, which has been reported to provide a valid and agcurat

To give both comprehensive understanding of and detaileneasurement of the duration and intensity of training by XC
insight into the athlete's training, the study was dividetbitwo  skiers Gylta et al., 2013aHowever, since these zone boundaries
parts (1) investigations of the participant's longitudinaiming, ~do not clearly correspond with underlying physiological events
performance, and test data spanning 17 years from the age of #goulay et al., 1997we used a three zone scale based on the
to 37 years old (2000-2017); and (2) detailed investigatidthe ~ ventilatory changes corresponding tothe rst- and secoadthte
training during ve consecutive successful seasons fromage turning point (Boulay et al., 1997; Seiler and Kjerland, 2006
of 30 to 35 years old (2010-2015), including four internagib  LIT refers to a training intensity below the rst lactate #shold

championships with nine individual gold medals. (LTY) (<2mM blood lactate, 60-82% of maximal heart rate;
HRmax). Moderate-intensity training (MIT) refers to an intensity
Performance Data between LT and LT? (2—4 mM blood lactate, 82-87% of HR)).

Performance data for each year was calculated using both rabigh-intensity training (HIT) refers to an intensity abouer?
results and the International Ski Federation's (FIS) ragipoints (>4 mM blood lactate> 87% of HRqax) (Seiler and Kjerland,
from all individual distance and sprint competitions, incing  2009. Standardized intensity scales do not take into accouet th
World Cup competitions, the Olympic Games, and the FIS Worldndividual or activity-speci ¢ variation, such as the temdy for

championshipskIS, 201Y. maximal steady-state concentrations of blood lactate itemtb
be higher in activities activating less muscle massngke and
Physiological Testing von Duvillard, 1996; Beneke et al., 2)CHence, the participant

The participant underwent regula¥ O>max and lactate pro le  in this study tailored her intensity zones in accordanceabth
testing (test results presented Table 1). No physiological tests test results and her own experience. Her self-reported irgns
were performed during the competition period (CP), and thezones are presented iable 2

presented results therefore represent tests from May or June . . L

(the start of the general preparation period; GP) and OctobeR€Gistration and Systematization of

or November (the start of the speci ¢ preparation period: SP).Training Data

All physiological testing during the period was conductedret t To register training time, the participant used a combinatidn o
Norwegian Olympic Sports Centre, primarily supervised by thehe session-goal approach and time in training zone ofteredall
same exercise physiologist. The apparatus and testing preeedua modi ed session-goal approadescribed in detail byylta
used during the lactate pro le an¥ Oymax test are previously et al., 2014) The participant registered endurance training
described Ifhgjer, 1991; Tonnessen et al.,, 20l5Anaerobic by allocating the time of the dierent parts of the sessions
threshold (AT) was determined during treadmill running at (e.g., warm-up, intervals, and cool-down) into intensity 2sn
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TABLE 1 | Physiological characteristics of the world's most succestul female cross-country skier during the successful perhfrom 2010 to 2015.

2010 2011 2012 2013 2014 Mean SD
GP1 GP2 GP1 GP2 GP1 GP2 GP1 GP2 GP1 GP2

Age (year) 30 30 31 31 32 32 33 33 34 34 320 15
Body height (cm) 167 167 167 167 167 167 167 167 167 167 167.0 0.0
Body mass (kg) 65.4 64.6 64.9 64.2 65.7 64.6 65.2 65.2 64.1 640 648 0.6
Body mass index (kgm 2) 235 23.2 23.3 23.0 23.6 23.2 234 234 23.0 229 232 02
Lean body mass (kg) - - - - - 54.9 54.5 - 54.6 55.0 54.8 0.2
Lean upper body mass (kg) - - - - - 35.0 34.1 - 34.0 34.5 34.4 05
Lean lower body mass (kg) - - - - - 18.3 17.4 - 175 17.6 17.7 0.4
Total body fat (%) - - - - - 14.8 15.2 - 14.2 12.8 143 1.1
VOsmax (Lmin 1)* 4.23 4.49 4.31 4.39 4.47 4.52 4.33 4.37 4.42 - 439 0.1
VOomax (Mlkg 1 min 1) 64.7 69.5 66.4 68.4 68.0 70.0 66.4 66.7 69.0 - 67.7 1.7
VO, @at (Mikg 1 min 1)* 58.9 61.1 57.0 59.2 60.7 63.6 58.7 61.0 59.4 60.8 60.0 1.8
Vaart (km/h)* 9.8 10.9 10.3 10.7 10.8 10.9 10.6 10.8 10.7 11.2 10.7 0.4

VOomax, maximal oxygen uptake; AT, estimated anaerobic threshold; Vd@ar oxygen uptake at the anaerobic threshold (running); V@AT, velocity at theaerobic threshold; GP1,
general preparation period one; GP2, general preparation period twd; gradient of treadmill 10.5%.

TABLE 2 | Self-reported intensity zones presented as maximal, miniat and most commonly used (target) heart rates in the speci craining zones, as well as the average
rating of perceived exertion across the different categaes of endurance sessions for the world's most successful ferale cross-country skier.

Intensity zones HR zones RPE Session categories
Min Target Max
Beat min 1 (% HRmax) Beat min 1 (% HRmax) Beat min 1 (% HRmax)
LIT* 115 115-130 149 11 Warm up and cool down**
(67) (67-75) (86) Short-duration session< 50 min

Medium-duration session [50—90 mir
Long-duration session [90-150 min>
Very long-duration session 150 min

MIT 150 155-160 160 15 Continuous training
87) (89-92) (92) Intervals with periods from 10 to 15 min
Intervals with periods from 6 to 10 min
HIT 161 161-170 173 19 Continuous trainimj‘
(93) (93-98) (100) Intervals with periods from 4 to 7 min

Intervals with periods< 4 min*#

LIT, low-intensity training; MIT, moderate-intensity training; HIfiigh-intensity training; RPE, Rating of perceived exertion (BORG seab—20).

“When sprints were integrated into LIT sessions, sprint time (incluttj 1-2 min recovery after each sprint) was subtracted from the overall dutin of the session. The remaining time
was categorized as LIT.

“The category includes LIT performed as warm up or cool down in connea with MIT, HIT and strength sessions.

# Including distance competitions.

# Including sprint competitions.

based on actual HR registration supported by external loadjistributed in line with “the training distribution method”
lactate measurements, and self-perceived exertion. For MdT a previously describedTnnessen et al., 20)L.4All endurance
HIT sessions performed as intervals, the time in the MIT/HIT sessions were categorized based on duration and/or desggyn,
zone was registered from the beginning of the rst intervalpresented inrable 2

to the end of the last interval, including recovery periods.

Strength and speed training was registered from the staéo t Periodization Phases

nish of the specic strength/speed/jump part of the session,General training data are either presented as annual trginin
including recovery periods. When speed training was integtat characteristics or divided into di erent periodization phases
into LIT sessions, 2min per sprint was registered as spegstesented inTable 3 The day-to-day periodization of training
training. before, during, and after altitude camps is quanti ed based o
All data from training diaries were systematically analyzedhe nal 2 weeks prior to altitude training, the rst 2 weeks
session-by-session by researchers from the current @searf altitude training, and the 2 weeks after the altitude camp
group. Total training time and frequency of sessions weren October. The training during and after the second week
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TABLE 3 | The division of periodization phases across the annual tr@ing cycle, RESULTS
including altitude- and peaking phases*.

— — . Longitudinal Training Characteristics
Phase Period in annual training Duration In total, 8,105 training sessions were analyzed during thiege

cycle @9 from 2000 to 2017. These sessions comprised of 7,642 workouts
General preparation Period (GP) May-October 184 and 463 XC skiing competitions. Performance and trainingadat
General preparation Period 1 (GP1) May—July 92 during all 17 years are presentedkigures 1A,B Total annual
General preparation Period 2 (GP2) August—October 92 gglemg]? ZVSILérge(ZIg%rOeaZSOef5?y _?r?ios/o E(lfr;en;r?;f) fgggl’:gsr:ér:rc:)rfn ;?)e
Pre-altitude phase Day 14-1 before altitude cam 14 . — :
Altitude pha:e Da;l 114 of the altitude campp " 53 h and an increase from10 to 18 weekly training hours. The
After-altitude phase Day 1-14 after altitude camp 14 relative distribution of endurance training into LIT/MIT/HT
Speci ¢ preparation period (SP)  November-December o1 was polarized, but to a lesser extent during the latter partesf h
C’;m et::io: eriod (F::P) Januarv_March % career, i.e., 88/2/10 during the rst part of her senior career (20—
Prz_ eakinp Phase 1 ba 12-29 before et 14 27 years old) and 92/3/5 during the latter part (28—35 years old).
pearing Chaﬁ]pionship event Subsequently, LIT volume increased frord30 h (20 years old)
Pre-peaking Phase 2 Day 28-15 before rst 14 to 800h (35 years old). The amount of MIT HIT was 60h
championship event uring bo e ear — ears old) and latter (29— ear
p D during both th ly (20-23y Id) and latter (29-35 ¥/
Peaking Phase Day 14-1 before rst 14 old) stage of her career, but was markedly highe8@ h) during
championship event a 5-year period from 23 to 28 caused by the use of extensive HIT

_ _ ) ) ) ) blocks during the general preparation phase.
*April was de ned as regeneration period and was not included in angf the other periods.

However, training time in April is included in the calculation of the tdtannual training.

Training Characteristics of the Five Most
Successful Seasons

of the altitude camp in 2012 was excluded from the analysi®uring the ve consecutive seasons, from May 2010 to April
because of illness. Tapering characteristics are quantased 2015, the participant achieved 107 individual podium places
on the six nal weeks of training prior to the FIS World In international competitions, including Olympic Games, FIS

Championships in 2011, 2013, and 2015 and the Olympic Gam&¥orld championships and FIS World Cup. This consisted of
in 2014. 63 individual World Cup victories, two gold medals from

the 2014 Olympics and seven gold medals from the three
. World Championships. Annual ranking and FIS points in the
Interviews abovementioned international races were 2.9.8 (2.0 0.8
To track missing data, ensure compliance with the trainingn distance races and 3.4 2 in sprint races) and 9.3
diary commentaries, and verify the training intensity ofetent 3.0 (including distance races and sprint quali cations psijnt
training sessions, two structured and one semi-structuregespectively.

interview with the participant were conducted during the data  physiological testsTable 1) showed an averagéOamay of

analysis phase of this study. 439 0.09 (Lmin 1) and 67.7 1.7 (mlkg 1 min 1) during
the 5 years, with increased values from GP1 to GRQ; at AT
Missing Data was approximately 89% ®O2max.

Training information was lacking for March and April of the A t&tal Ozf i,713 Kaiqinzg 1sessions, perforr_negl Il;] thz perio:
2010/2011 season. Data for these months was calculated baggm ay 2010 to April 2015 were categorized based on the

on the years in which data was completely documented andetailed design of the sessiomable 3. Total annual training
modi ed based on training plans and an interview with the volume was 937 25 h, distributed across 5439 sessions. This

athlete. Sessions where information about session desgm onsisted of 849 18 h (91%) endurance training, 7521 h (8%)

lacking (10% of MIT sessions and 3% of the HIT sessions) Wepérength training and 14 2 h (1%) speed training. Monthly and
only used in the time-in zone analyses weekly training patterns during di erent phases of the annual

cycle are presented igure 2andTable 4.

Statistical Analyses Endurance Training

All data from the 2010-2015 period is presented as mean Using the modied session goal approach, 92.30.3% of
standard deviation (SD) of the ve years. To calculate theotal endurance training time was executed as LIT, 2.9.5%
monthly and weekly distribution of training, total trainmmwas as MIT and 4.8 0.5% as HIT (including competitions).
divided by duration (days) of the speci ¢ phase and multipliedWhen all endurance sessions were categorized using the
by 30.4 to determine monthly time/frequendyigures 2 3A-D,  session goal method, the distribution was 76.11.1% LIT
4A—C) or by seven to determine the weekly time and frequencgessions, 7.3 1.2% MIT sessions and 16.6 1.2% HIT
(Table 4and Figures 5A,B. All statistical analyses were carried sessions.

out in Microsoft O ce Excel 2013 (Microsoft, Redmond, WA, Annual LIT volume was 784 10h. Monthly LIT volume
USA). decreased from GP (76 h), to SP (68 h) and further to CP (55 h)
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FIGURE 1 | (A,B) Annual top three performances(A) in international competitions and annual training charaetistics (B) distributed into endurance (low-, moderate-,
and high-intensity), strength and speed training during aZ-year period for the world's most successful female crosssountry skier.

while the number of LIT sessions remained relatively stable Annual MIT volume was 24.6 3.6 h. Monthly MIT volume
across all phases (31.81.6 sessions/month). Hence, the averagelecreased from GP (2.8 h) to SP (2.2 h) and further to CP (1.0 h)
duration of LIT sessions was reduced from GP (2.0h) to SFhe monthly number of MIT sessions was relative stable across
(1.5h) and CP (1.3h). Total LIT time was distributed as 4%GP1, GP2, and SP (3.5 sessions), but decreased markedly2n CP
sessions 50 min, 10% as sessions [50=9®in, 42% as sessions sessions). Average duration of MIT sessions decreased filem G
[90-15G- min and 23% as sessionsl50 min. The remaining (0.8 h)to SP (0.7 h) and CP (0.5 h). The annual number of 3
21% of LIT time was performed as warm-up or cool down inMIT sessions consisted of 20% continuous sessions, 48%atter
connection with MIT, HIT, or strength sessions. The number ofsessions with interval-durations from 6 to40nin, and 22% as
LIT sessionsin the di erent categories during the di erent &g interval sessions with interval-durations from 10 to 15 milihe

are presented ifrigure 4A most common MIT session was an interval session consisting of
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FIGURE 2 | Training distribution across phases during the successful
2010-2015 period distributed into endurance (low-, moderge-, and
high-intensity), strength and speed training for the worlsl most successful
female cross-country skier.

5 7-8min working periods, with 1-2 min rest in between. The
use of speci ¢ MIT sessions during di erent phases of the annual
cycle is presented iRigure 4B.

Annual HIT volume was 40.4 3.6 h. Monthly HIT volume
increased from GP1 (2.0 h) to GP2 (3.7 h), was slightly reduce
in SP (3.2h) and then increased in CP (4.7 h). The monthly
number of HIT sessions increased from GP1 (4.1 sessions) to
GP2 (7.0 sessions), SP (8.2 sessions) and CP (9.2 sessions).
Average duration of HIT sessions was approximately equal
(0.5h) across all phases except from SP (0.4 h). The number
of annual competitions was 38.6 6.3 ( 70% distance- and

30% sprint-competitions). Competition time increased from
GP (0.5 h/month), to SP (1.6 h/month) and further to CP (3.1
h/month). Competitions accounted for 42 and 49% of total
HIT time and number of HIT sessions, respectively. The annual
number of 79 8 HIT sessions consisted of 45% continuous
sessions (including distance competitions), 38% intemahing
with interval-durations from 4 to 7 min and 14% intervals tvit
interval-durations< 4 min (including sprint competitions). The
most typical HIT interval session was 54-5 min with 2—-3 min
rest in between. The use of speci ¢ HIT sessions during di éren
phases of the annual cycle is presenteBigure 4C
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TABLE 4 | Weekly training distribution (mean SD) across the diffrent periodization phases including thdifferent phases of the altitude camp performed in October iad
the 6 weeks prior to international championships during theve successfull years from 2010-2015 for the world's most sucessful female cross-country skier.

GP1 GP2 SP cP
Overall Pre During After Overall Pre-peaking Pre-peaking Peaking
altitude altitude altitude Phase 1 Phase 2 phase

TOTAL TRAINING
Hours 209 13 217 06 199 10 276 16 183 15 184 05 147 08 158 22 19.7 27 162 05
Sessions 108 03 111 02 109 04 119 06 103 09 11.7 05 105 0.6 108 1.0 11.3 15 119 03
TRAINING FORMS
Endurance (h) 183 06 194 06 169 04 261 10 162 17 169 04 140 0.7 152 2.0 176 21 153 0.7
Strength (h) 22 06 1.9 0.7 26 0.6 14 0.8 1.8 0.7 1.2 03 06 0.2 05 0.0 1.9 0.9 06 05
Speed (h) 04 01 04 01 04 0.2 0.2 0.1 03 0.2 0.2 0.0 0.1 0.0 01 01 02 01 03 0.1
EXERCISE MODE
Speci ¢ (h) 98 05 100 05 71 23 192 48 92 11 133 12 120 0.8 138 20 153 21 136 0.7
Unspeci ¢ (h) 88 06 97 04 102 29 71 29 73 09 38 09 21 03 15 06 25 06 20 0.2
SPE/UNSPE (%) 53/47 51/49 41/59 73/27 56/44 78122 85/15 90/10 86/14 87/13
INTENSITY DISTRIBUTION
LIT (h) 172 05 179 06 154 05 247 11 148 18 157 04 127 0.7 140 21 16.2 0.9 140 1.6
MIT (h) 0.6 0.2 0.7 01 04 04 12 03 0.7 02 05 0.1 0.2 0.0 03 01 04 0.3 03 0.2
HIT (h) 05 0.1 08 0.1 1.1 0.2 02 0.2 0.7 0.2 0.7 01 1.1 01 09 02 1.0 01 1.0 01
LIT/MIT/HIT (%) 94/3/3 92/4/4 91/2/7 94/5/1 92/4/4 93/3/4 91/1/8 92/2/6 92/2/6 91/2/7
INTENSITY DISTRIBUTION
LIT (sessions) 7.1 03 69 0.3 6.1 12 86 0.8 6.6 0.8 78 05 73 05 7.1 09 71 10 83 05
MIT (sessions) 08 02 09 01 07 08 16 03 09 03 08 02 05 01 0.8 05 05 04 06 03
HIT (sessions) 09 02 16 01 22 03 03 03 13 03 19 03 21 02 23 03 20 00 23 03
LIT/MIT/HIT (%) 80/9/11 74/9/17 68/8/24 82/16/2 76/10/14 74/8/18 74/5/21 7117122 7 4/5/21 74/6/20
CATEGORIZATION OF LIT
<50 min (sessions) 02 02 01 01 00 00O ©00O 00O 00 00 19 07 28 05 21 05 1.1 08 30 04
50-90 min (sessions) 1.0 0.2 11 03 11 1.0 05 04 15 11 1.7 0.6 1.3 04 14 038 1.3 05 24 1.7
90-150 min (sessions) 44 0.5 40 04 4.7 0.8 39 06 48 1.0 32 02 24 04 3.0 07 31 038 24 09

150 min (sessions) 1.6 05 1.8 0.1 05 04 45 0.7 05 04 1.0 04 0.7 0.2 09 038 1.8 0.3 1.0 0.7
AVG. SESSION DURATION
LIT (h) 20 0.1 21 01 1.8 0.1 26 0.1 1.8 0.1 15 0.1 1.3 01 1.4 0.1 1.7 0.1 1.3 02
MIT (h) 08 01 08 01 07 01 08 01 07 00 07 01 05 01 02 0.1 04 03 03 0.2
HIT (h) 05 00 05 00 05 01 07 00 05 00 04 00 05 01 04 0.1 05 0.1 05 0.0
COMPETITIONS
Hours 01 01 01 01 00 00O 00 00 OO 00O 04 01 07 01 06 03 05 03 03 0.1
Number 02 01 03 02 00 00 00 00 ©00O 00O 11 02 15 02 1.6 05 1.0 0.6 09 03

GP1, general preparation period 1; GP2, General preparation period 2; SBpeci ¢ preparation period; CP, Competitions phase; SPE, Speci ¢ exercise rade; UNSPE, Unspeci c
exercise mode; LIT, Low intensity training; MIT, moderate intensityatining; HIT, High intensity training.

Strength and Speed Training of heavy strength training increasing from GP §0%), to SP
An important change during the ve investigated years waq 60%) and further to CP (65%).
an increase in annual strength training time fromb1h (43% A typical strength session consisted of 30-45min of

core stabilization and 57% heavy strength training) durthg core/stabilization exercises followed by 30-45min of keav
rst 2 years (30—32 years old), to90 h (50% core stabilization strength training. The core stabilization portion includedrious

and 50% heavy strength training) in the following 3 years.sThiexercises targeting muscles involved in the force trardiieing
increase was due to both an increased number (55—75 segsiospeci ¢ ski movements and exercises aiming to stabilize and
and duration (0.9-1.2h) of sessions. The amount of strengtmove these segments functionally while skiing. Heavy streng
training increased from 6.0 to 10.9 h/month in GP, from 2.6sessions consisted of one or two leg exercises (e.g., squats)
to 4.2 h/month in SP and from 1.7 to 3.0 h/month in CP. and three to four upper-body exercises (e.g., seated pull-
The proportion of heavy versus core/stabilization trainimgass down, standing double poling, pull-ups, lying bench-pull, and
phases was relatively similar during all 5 years, with thewamo pullover).
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training in the classic and skating technigues were approsefya
equal in total training time (48 and 52%), LIT (49 and 51%),
and HIT (49 and 51%), while the proportion of skating was
substantially higher during MIT (61%).

Altitude Training

Total annual days spent at altitude was 69, which were mainly
distributed across ve altitude camps (12-14 days June/July,
12-14 days August/September, 14-16 days October/November,
10-14 days in December and 10-12 days January/February).
Total training volume at altitude ranged from 170 to 230h,
accounting for 18—-25% of the total annual training voluméeT
average weekly training volume decreased from altitudepsam
performed in GP (26h) to SP (22h) and further to CP

( 20h).

Training during the 2 weeks before, 2 weeks during and
the 2 weeks after the altitude camp in October/November are
presented inTable 4and Figure 5A Total training volume was

35% higher during altitude than the phases before and after.
The increased training volume occurred due to an increased
number of LIT session's 2.5 h, whereas strength training time
was lower during altitude compared to the phases before and
after. The amount of training in specic modes increased
markedly at altitude, while the total volume of MIT and HIT
remained stable (1.5 h/week) across all three phases. However,
the MIT/HIT distribution changed from containing more HIT
before altitude (0.4h MIT vs. 1.1 h HIT), but more MIT during
altitude (1.2 h MIT vs. 0.2 h HIT) and equal amounts of MIT and
HIT after altitude training (0.7 h MIT vs. 0.7 h HIT).

Tapering toward International Championships

FIGURE 4 | (A-C) Distribution of low- (A), moderate- (B) and high-intensity The distribution of training during the nal 6 weeks prior toajd
(C).sessions, categorized after duration and/or organizatioracross phases medal performance is presentedTabIe 4and Figure 5B Here,

during the ve most successful years (2010-2015). training volume increased by 25% from pre-peaking phase 1 (day
42-29) to pre-peaking phase 2 (day 28-15), due to increased
amount of long duration LIT sessions and strength trainimpe
gaining volume was then reduced by 18% to the peaking phase

Annually, 14 2h of speed training, including 11.1h ski-
speci c exercises and 2.5 h of jumps/plyometrics, was performe
The amount of speed training decreased from GP (1.7 h/month

to SP (0.9 h/month) and CP (0.5 h/month). Speed training Wag o hal week (day 7-1). The training volumes during the thre

included 64. 9 t|mes/year_and typically performgd as 6-10 . consecutive peaking phases were 73, 91, and 75 % of the average
10-20s sprints or 5-8 series of 10-15 plyometric jumps usin - . . .
. . . . . P2 training volume, respectively, while the number of sessio
ski speci ¢ movements integrated into LIT sessions of 90-12 .
minutes or performed before strength sessions was stable across all phased  sessions/week).
' The amount of MITCHIT volume remained relatively stable
Exercise Modes across all peaking phasesl(.3 h/week). Week-by-week analyses

63 3% (545 18h) of the yearly endurance and sprint training Showed a progressive increase in the proportion of HIT vs. MIT
was performed as sport-speci ¢ exercise modes (i.e., skatidg aduring the nal 3 weeks before the championship start. A detai
classical on skis or roller skis), with the remaining 372%  description of the speci C sessions performed durlng the ndl1
(318  18h) performed as non-speci ¢ activity forms (34% days before the 2014 Olympic Games is presentddinte 5
running and 3% cycling). The proportion of speci ¢ activity

forms increased from GP (52%) to SP (78%) and further tQ|SCUSSION

CP (85%). Speci c training time also increased from GP (44

h/month) to SP (58 h/month), but then decreased slightly toThe present study investigated the training routines durihg
CP (52 h/month). Sport-speci ¢ training accounted for 62, 83,best-performing period of the most successful female XC skier
and 72% of the annual LIT, MIT, and HIT volume, respectively.of all time, analyzed in the context of her longitudinal traig
Figures 3A-Dillustrate the distribution of activity forms across patterns. Following a 12-year progressive, non-linear iaseean
the di erent intensities and training phases. The distrimrtiof  training load, the annual training volume during these 5 rgea

day 14-1), which included a modest reduction in volume (6%)
uring the rst week (day 14-8) and a larger reduction (30%) in

Frontiers in Physiology | www.frontiersin.org 9 December 2017 | Volume 8 | Article 1069



Solli et al. The World's Best Cross-Country Skier

period she also increased the amount of HIT due to extensive
blocks of HIT training during GP. The participant was already
at a high international level and achieved her rst interiwatal
gold medal at 23 years old, with training volumes slightly in
excess of 700h. However, before the age of 25 she was not
stable at the top level in distance races and mainly performed
at a world-class level in sprint skiing; after which she perfedm
equally well in all disciplines and techniques. While theatad
highlight the importance of a high training volume to achieve
a top international level in XC-skiingTonnessen et al., 2014;
Sandbakk et al., 2016; Sandbakk and Holmberg, R#i&y also
indicate that a progressive increase in training load is h=ake
Throughout the 12 initial years with increases in training
load, our participant had two major changes in “training
philosophy,” in which rapid performance improvements also
occurred. The rst of these periods was in an early stage
of her senior career, where extensive blocks of HIT were
included. This led to rapid performance improvements that
stagnated after a few years, during which the progression in
training load and/or variation in stimulus were limited. €h
next major performance improvement coincided with a change
to a more even distribution of training volume/intensity, a
reduction in the amount of HIT, and the implementation of
relatively large amounts of LIT. This occurred directly dvef
entering the successful 5-year period analyzed here. In this
period, both physiological values and performance improved
over the rst year before remaining at a stable high levele Th
annual training volume o$ 910 h consisted of 850 h endurance
training distributed as 92% LIT, 3% MIT, and 5% HIT when
using the modi ed session-goal approach to quantify training
When quanti ed by the number of sessions in each zondy5
FIGURE 5 | (A,B) Total weekly training distributions ofA) the 2 weeks before-, endurance sessions were distributed into 76% L|T, 7% MIT, and
2 weeks during- and 2 weeks after the annual altitude camp in Gober, and 17% HIT. While these amounts of HIT and MIT are similar to
(B) the nal 6 weeks before the four international championshipgerformed in . . .
February during the period from 2010-2015, distributed irtt endurance what was prewously reported in world-class XC Sklear(dbakk
training (low-, moderate-, and high-intensity), strengthand speed training. et al., 2011b, 2016; Tonnessen et al., p0thé volume of LIT
is remarkably high. This was combined with relatively high
amounts of strength training and regular speed training, athi

was 940 h, consisting of 91% endurance-, 8% strength-, and 1842y have been bene cial for maintaining muscle mass and sprint
speed training. Endurance training was gradually more pogatjiz 2Pility- A further progression in stimuli was achieved thgsu

due to reduced LIT and increased HIT, from GP to CP. 18—25041clusion of more strength training halfway through the 5-
of the annual training time was done at altitude, performedhwi Y€ar Period, while the amount of endurance training remained
relatively short training camps (16 days) where HIT training relatively _stable. Qne unique featur_e of our participant iatth

is reduced and LIT training increased compared to sea-lev&'€ combines a high aerobic capacity with greater muscle mass
training. Training before international championships inded a  than normally reported among female XC skiefsegge et al.,

2-week increase in LIT and strength volume followed by gradug’019, particularly in the upper-body where women typically
reduction in total training volume and increased HIT duritige ~ "@ve the largest di erence in body composition and performance
compared to men$andbakk et al., 20).7

nal week. . - )
In XC skiing, not just exercise volume, frequency, and
. . L. intensity are of importance. Through the 17-year period0%
Longitudinal and General Training of annual endurance and sprint training hours were ski speci ¢
Characteristics (skiing on snow or roller skis), while the rest was primarily

In this study, in which 17 years of training were analyzed, ourunning. This alternation between exercise modes, loadigy t
participant had a 12-year progressive, non-linear increase iwhole body, upper body, and the legs to a di erent extent, is
training load from the age of 20 until the successful 5-yeaioge  unique for XC-skiing compared to other endurance sports. The
analyzed in detail, where annual training volume wa340h, variation between employment of these training modes permits
distributed across 540 sessions. The overall progression irhigh training loads during GP, while the total training loasl i
training mainly included an increase in LIT, although in ay6ar  reduced when less variation and increased sport-speci cimgin

Frontiers in Physiology | www.frontiersin.org 10 December 2017 | Volume 8 | Article 1069



Solli et al. The World's Best Cross-Country Skier

TABLE 5 | Detailed description of the training performed during the &l 14 days before the 2014 Olympic Games in Sochi, includingiformation about the commonalities
during the same period before the World Championships in 201, 2013, and 2015 for the world's most successful female cros-country skier.

Training content Commonalities 2011, 2013, 2014, and 2015
14 AM: 2.5 h LIT, ski skating on varying terrain Day 14-8 before rst championship event:

PM: Warm-up C 30 min strength training’ « Second part of 10-12 days altitude camp at 1,800 m.a.s.| (., the entire
13 Rest day altitude camp was 8-20 days before the rst competition)
12 AM: 2.5h LIT, classical skiing on varying terrain * Training volume 17-20h

PM: 1.3 h LIT, ski skating on varied terrain, including spriat * 2-3 LIT sessions>2.5h

* 2 MIT/HIT sessions performed at 1,000 m.a.s.|
» 1-2 strength sessions
e 2—-4 LIT sessions whit integrated sprints

11 AM: 5  7-min MIT*, ski skating on varied terrain
PM: 1.3h LIT, classical skiing on varied terrain, includingpsints

10 AM: 2.7 h LIT, classical skiing on varied terrain

X o « 1restday
PM: Warm-up C 30 min strength tralnlngj‘E
9 AM: 2.3 h LIT, ski skating on varied terrain, including spris
PM: Rest
8 AM: 6 min MITC 5-km HIT*, classical skiing varying terrain
PM: 0.5h LIT, running
7 AM: 1.3 h LIT, classical skiing on varied terrain, includingprints Day 7-1 before rst championship event:

PM: 0.5h LIT, running

6 MO: 0.5h LIT, running
AM: 10-km classic competition*
PM: 0.5h LIT, running
5 AM: Sprint skating competition*
PM: 0.5h LIT, running
Rest day with traveling
3 AM: 1.3 h LIT, ski skating on varied terrain
PM: 1.5h LIT, classical skiing on varying terrain

Training at championship elevation

Total training volume of 13-16 h

3—4 HIT/MIT sessions

Frequent medium and short duration LIT sessions
Timing of sessions

n Day 6-4: 1-3 competitions

= Day 3: Easy day with LIT

m Day 2: HIT session or easy training with LIT

= Day 1: Easy training or short duration MIT session

2 AM: 30 min HIT*, duathlon ski classical and skating varyingtrain
PM: 0.5 LIT, running

1 AM: 1.3 h LIT, classical skiing on varying terrain
PM: 0.5h LIT, running

0 Gold medal, skiathlon Olympic Winter Games Sochi 2014

LIT, low-intensity training heart rate< 87% max; MIT, moderate-intensity trainingheart rate 87-92% max; HIT, high-intensity trainindheart rate> 92% max.
*MIT and HIT sessions normally included 30—45 min of LIT as warnmpuand 15-30 min LIT as cool-down.
#Strength training sessions normally included 30-45 min of LIT asamm u.

is used toward CP. However, variations between exercisesmodmproved ability to train with relatively high speed and a high
were also employed on the micro periodization level; e.g., byechnical quality also during LIT and MIT sessions in all eiszc
performing heavy strength training of the upper body in themodes. This is supported by her lactate proles, where her
morning session followed by lower body endurance trainieg(, speed at various submaximal lactate levels gradually isecca
running) in the afternoon. This way of loading the upper andthroughout her career. Similar results were shown in thedkm
lower body may not only increase the tolerable training loadmarathon world record holderJones, 20Q6and a world-class
but could also reduce negative cross-over adaptation e eats f rower [Bourgois et al., 20)4 This is most likely a result of
concurrent strength and endurance training. In our cases th her long-term progressive increase in endurance trainireg|o
participant con rmed during interviews that she was cons@ou leading to enhanced peak oxygen uptake, fat utilization and
about the use of terrain, e.g., by combining uphill sessidmsres  improved e ciency in all exercise modes. In this context, it is
the legs are mainly employed, with sessions primarily loadinglso important to note that the body mass of the participant was
the upper body by using the double poling technique on thevery stable throughout her senior career, and measuremahts
same day. This is likely an important factor contributing teet body composition during the ve successful years showed that
combination of high endurance capacity and a relatively dargboth her fat percentage and bone mineral density were within
muscle mass obtained by XC skiers. healthy values. We suggest that this is an important reason fo
Following a gradual increase in aerobic capacity, théer continuity in training during the 17 years with high loaaf
participant's averag¥ Oxmaxwas 68 (mlkg 1 min 1) during  endurance training.
her ve most successful years. This is at the same level regport  Overall, our data indicate that a progressive increase in
in female champions in running and orienteeringopes, 2006; training load until the age of 30 may be necessary in order to
Tonnessen et al., 201plHer AT increased correspondingly, and optimize the full potential of a top-level XC skier. We hypotlzesi
both the participant and her coaches highlighted her graduallyhat this allowed our champion XC skier to tolerate and respond
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positively to the high training volumes utilized in the 5-yea sessions was observed as the CP approached. Both exercise mode,
period analyzed, where she used a polarized training patteim wiorganization of HIT, and use of terrain got more speci c closer
a large amount of LIT. to CP. The fact that 42% of annual HIT time was competitions
emphasizes the importance of speci c training to achieve sgce
in XC skiing. The participant also con rmed that competitions

Training Characteristics during Five were an important part of her training, particularly during her
Successful Years tapering phase. The organization of endurance sessions etdang
Annual Periodization of Training from longer to gradually prioritizing shorter LIT sessionshile

The total number of LIT sessions remained stable across phaddIT and HIT sessions became more competition-speci c.
throughout the training year, while total LIT-time was graally

reduced from GP to CP. The amount of MIT, speed, and strengttltitude Training

training also decreased from GP to CP, while HIT showed thd8-25% of annual training volume was performed during
opposite pattern, which altogether induced a gradually moreelatively short (10-16 days) altitude camps, living at 15800
polarized training pattern toward CP. The transition from 2,000m.a.s.| and training at 1,000-3,000 m.a.s.l., with a& cle
a more “pyramidal” to a more polarized endurance trainingreduction in HIT but an increased volume of LIT compared to
pattern was previously shown in successful athletesggl sea-level training. This altitude exposure is signi cantip<er
and Sperlich, 20)5However, the large amounts of speed andhan the 4 weeks recommended to fully stimulate erythropsies
strength training during GP might be an important addition to However, comparable duration of camps is reported to have
concurrently develop endurance and strength capacitiendur bene cial e ects on work economy, muscle bu ering capacity,
the preparation period, whereas the subsequently more polarizeshd ventilatory factors Nlillet et al., 2010 Furthermore, the
pattern may facilitate the ability to utilize these capasitet long-term e ect of repeated short-duration altitude exposure
competition-speci ¢ intensities. over several years is currently unknown.

Simultaneously, the amount of specic training increased The participant experienced marked progress after altitude
from 50% during GP to 85% in CP. This is in line with previoustraining, although it is not known to what extent altitude-
studies of XC skiers and probably functions as an importanfacilitated e ects and/or the periodization of training occimg
substitute for reduced volume during CP¢nnessen etal., 200L4 in connection with altitude camps in uence the experienced
While the sport-speci ¢ proportion of LIT and HIT increased progress. Before altitude, training changed toward a more
markedly from GP to CP, the amount of speci ¢ MIT wa80%  polarized pattern, including lower total volume and more HIT
during all phases. In addition, the MIT sessions were performednd strength training. During altitude, HIT was reduced and
at relative high heart rates (87-92% of ki), which is higher training shifted to a more pyramidal intensity distribution,
than normally reported in elite athletes, although RPE ratingwith more LIT sessions 2.5h and increased amounts of MIT.
and lactate values were in the normal range for such sesdities  Training after altitude consisted of some easy days with cedu
participant con rmed that she was able to perform MIT sessions/olume and no MIT or HIT during the rst 4 days after
at this level, which allowed her to accumulate and toleratelmu altitude exposure, followed by increased intensity in trainiThe
more time at>90% of HRyax than most of her peers. Such participant also highlighted the opportunity to ski on snow, reor
training has previously been reported to be highly e ective fortime to rest, and an increased focus on recovery as possibteda
endurance adaptations and performance in well trained eliteontributing to the positive e ect of altitude camps.
athletes Gtepto et al., 1999; Sandbakk et al., 2013

The accumulated LIT-time during GP was very high (76Tapering toward International Championships
h/month) and reduced in CP (55 h/month). While the The tapering phase prior to international championships
number of LIT sessions remained stable across phas&2 ( included a phase with frequent competitions, followed by
sessions/month), the amount of LIT sessior@0 min decreased elevated training volume including more LIT and strength
from GP (25 sessions/month) to CP (14 sessions/month)at altitude. Thereafter, our participant reduced her traigin
Another pronounced change between phases was the increagsdume and increased the amount of HIT during the nal
of LIT sessions 50 min from GP ( 0 sessions/month) to CP week before championships. However, the reduction in tragnin
(14 sessions/month). This methodological approach is novelolume during the nal 2 weeks (18%) was much lower than
and clearly shows how LIT sessions of dierent duration arerecommendations in the literatureBpsquet et al., 200.7The
distributed di erently throughout the year. The e ectof dutian ~ same observation was made bynnessen et al. (2014yvhere
versus frequency of LIT sessions has not yet been examindte authors speculated that this might be optimal in sports
although up to 90% of the total training among endurancewith a dense competition schedule. As such, top athletes in XC
athletes is LIT. Interestingly, 21% (167 h) of the annual LITskiing appear to reduce their training volume less than that
volume was warm up or cool down in connection with MIT, recommended by the current literature. Maintenance ofrtiiag
HIT, or strength sessions. This part of LIT probably functionsvolume until the nal week before the rst championship event
as an important contributor to the long-term development by could also be important in order to maintain performance level
enhancing the total training volume. over 5—6 competitions during a championship lasting 9-15 days

While the majority of MIT and HIT sessions were organized Our participant integrated the competition schedule into
as intervals during GP, an increase in continuous MIT and HITthe tapering strategy and had a relatively similar timing
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of the nal competitions in the peaking phase during all training forms, intensities, and exercise modes throughout
5 years. Specically, a period with frequent competitionsthe annual season. By using a single-case approach, where
allowing less training hours, is followed by a competitionquantitative data were supported by qualitative interviews, w
break, prioritizing altitude training with more MIT, long were able to present the sophisticated training of a worldsclas
duration LIT sessions and strength training. Thereaftéree athlete from a macro- to a micro-level, allowing the geniermat
HIT sessions were performed during the nal 7 days, whichof new hypotheses that can be tested in future research with
include competitions at day 6-4 before the championship'arger samples.

start. However, since this analysis is based on the training

conducted prior to the rst competition in each championship, AUTHOR CONTRIBUTIONS

it is not certain that this was the day with the best

performance (although gold medals were won already at the rsGS, ET, and @S designed the study; GS performed data cafiectio

competition). GS, ET, and &S performed data and statistical- analysis; GS, ET
and @S contributed to interpretation of the results; GS and @S

CONCLUSION wrote the draft manuscript; GS, ET, and @S contributed to the
nal manuscript.

Our study supports previous ndings highlighting the

importance of a high training volume, using a polarized ACKNOWLEDGMENTS

training pattern with a large amount of LIT to reach world-ctas

level in XC skiing. This study provides unique data on the werld The authors sincerely thank Marit Bjgrgen, her manager Guri
most successful XC skier's long-term training processuyitioly ~ Hetland and her coaches Svein Tore Samdal, Egil Kristiansen,
novel information about the physiological development andand Idar Terje Belsvik for their valuable cooperation and

the distribution of and interplay between sessions of di eren

REFERENCES

Bell, P. G., Furber, M. J., Van Someran, K. A., Anton-Solanas, . ,Savart,
J. (2017). The physiological prole of a multiple tour de france winning

participation in this study.

Ingjer, F. (1991). Maximal oxygen uptake as a predictor of perfoaability in
women and men elite cross-country skiegsand. J. Med. Sci. Spdr{25-30.
doi: 10.1111/j.1600-0838.1991.th00267.x

Jones, A. M. (1998). A ve year physiological case study of am@lyrunner.Br.

cyclist. Med. Sci. Sports Exer49, 115-123. doi: 10.1249/MSS.0000000000 J. Sports Me@®2, 39-43. doi: 10.1136/bjsm.32.1.39

001068

Beneke, R., and von Duvillard, S. P. (1996). Determination of maxiatsate
steady state response in selected sports evbfed. Sci. Sports Exer2s,
241-246. doi: 10.1097/00005768-199602000-00013

Beneke, R., Leithauser, R. M., and Hutler, M. (2001). Deperdehihe maximal
lactate steady state on the motor pattern of exerdie.J. Sports Med®5,
192-196. doi: 10.1136/bjsm.35.3.192

Bosquet, L., Montpetit, J., Arvisais, D., and Mujika, I. (2D ects of tapering
on performance: a meta-analysised. Sci. Sports Exer89, 1358-1365.
doi: 10.1249/mss.0b013e31806010e0

Boulay, M. R., Simoneau, J. A., Lortie, G., and Bouchard, C. J18®hitoring
high-intensity endurance exercise with heart rate and threshdited. Sci.
Sports Exer@9, 125-132. doi: 10.1097/00005768-199701000-00018

Bourgois, J., Steyaert, A., and Boone, J. (2014). Physailagid anthropometric
progression in an international oarsman: a 15-year case siatlyJ. Sports
Physiol. Perforn®, 723-726. doi: 10.1123/ijspp.2013-0267

Enoksen, E., Shalfawi, S. A., and Tonnessen, E. (2011). Thet of
high- vs. low-intensity training on aerobic capacity in well-trath
male middle-distance runnersJ. Strength Cond. Ref5, 812-818.
doi: 10.1519/JSC.0b013e3181cc2291

FIS (2017)International Ski Federation World Cup Results [Onlinsjaliable
online at: http://www. s-ski.com/ (Accessed September 1, 2017)

Hegge, A. M., Bucher, E., Ettema, G., Faude, O., Holmberg, H. CSandbakk,
0. (2016). Gender di erences in power production, energetic cidpaand
e ciency of elite crosscountry skiers during wholebody, upperbpdnd

arm poling. Eur. J. Appl. Physioll16, 291-300. doi: 10.1007/s00421-015-

3281-y

Hellard, P., Avalos, M., Hausswirth, C., Pyne, D., Toussaint, &né. Mujika, I.
(2013). Identifying optimal overload and taper in elite swimmersrdirae. J.
Sports Sci. Med2, 668—678.

Ingham, S. A., Fudge, B. W., and Pringle, J. S. (2012). Trainistgikdition,
physiological pro le, and performance for a male international 1500-mrver.
Int. J. Sports Physiol. Perform 193-195. doi: 10.1123/ijspp.7.2.193

Jones, A. M. (2006). The physiology of the world record holder for
the Women's Marathon. Int. J. Sports Sci. Coachl, 101-116.
doi: 10.1260/174795406777641258

Manunzio, C., Mester, J., Kaiser, W., and Wahl, P. (2016).nifrgi intensity
distribution and changes in performance and physiology of a 2nd ptasker
team of the race across America over a 6 month preparation peFozht.
Physiol7:642. doi: 10.3389/fphys.2016.00642

Millet, G. P., Roels, B., Schmitt, L., Woorons, X., and Richalet, J2@020).
Combining hypoxic methods for peak performancgports Med40, 1-25.
doi: 10.2165/11317920-000000000-00000

Mujika, I. (2014). Olympic preparation of a world-class female triathlete. J.
Sports Physiol. Perfor®.727-731. doi: 10.1123/ijspp.2013-0245

Norman, R. W., Ounpuu, S., Fraser, M., and Mitchell, R. (1989). Meicial
power output and estimated metabolic rates Nordic skiers during Olympic
competition.Int. J. Sport Biomech, 169-184. doi: 10.1123/ijsb.5.2.169

Pinot, J., and Grappe, F. (2015). A six-year monitoring case stofly
a top-10 cycling Grand Tour nisher.J. Sports Sci33, 907-914.
doi: 10.1080/02640414.2014.969296

Ronnestad, B. R., Hansen, J., Vegge, G., and Mujika, |. Y2@hbrt-term
performance peaking in an elite cross-country mountain bikerSports Sci.
35, 1392-1395. doi: 10.1080/02640414.2016.1215503

Saltin, B., and Astrand, P. O. (1967). Maximal oxygen uptaketitetgs.J. Appl.
Physiol23, 353-358.

Sandbakk, O., and Holmberg, H. C. (2017). Physiological capacity a
training routines of elite cross-country skiers: approaching the uppe
limits of human endurancelnt. J. Sports Physiol. Perfari2, 1003-1011.
doi: 10.1123/ijspp.2016-0749

Sandbakk, O., Ettema, G., Leirdal, S., Jakobsen, V., and Holmbgrg,
C. (2011a). Analysis of a sprint ski race and associated laboratory
determinants of world-class performandeur. J. Appl. Physiol1ll, 947-957.
doi: 10.1007/s00421-010-1719-9

Sandbakk, O., Hegge, A. M., Losnegard, T., Skattebo, O., $sengE., and
Holmberg, H. C. (2016). The physiological capacity of the world's ésgh

Frontiers in Physiology | www.frontiersin.org 13

December 2017 | Volume 8 | Article 1069



Solli et al.

The World's Best Cross-Country Skier

ranked female cross-country skiefged. Sci. Sports Exer8, 1091-1100.
doi: 10.1249/MSS.0000000000000862

analysisInt. J. Sports Physiol. Perforf.100-107. doi: 10.1123/ijspp.2013-
0298

Sandbakk, O., Holmberg, H. C., Leirdal, S., and Ettema, G. (201H®. T Tjelta, L. I. (2013). A longitudinal case study of the trainirfgtee 2012 European

physiology of world-class sprint skieiScand. J. Med. Sci. Spd?is e9—e16.
doi: 10.1111/j.1600-0838.2010.01117.x

Sandbakk, O., Sandbakk, S. B., Ettema, G., and Welde, B. (B&8}s of
intensity and duration in aerobic high-intensity interval ining in highly
trained junior cross-country skiersl. Strength Cond. Re&7, 1974-1980.
doi: 10.1519/JSC.0b013e3182752f08

Sandbakk, O., Solli, G. S., and Holmberg, H. C. (2017). Sex di eseénceorld
record performance: the in uence of sport discipline and competitionation.
Int. J. Sports Physiol. Perfarb®, 1-23. doi: 10.1123/ijspp.2017-0196

Seiler, K. S., and Kjerland, G. O. (2006). Quantifying trainirignsity distribution
in elite endurance athletes: is there evidence for an “optimal'ridistion?
Scand. J. Med. Sci. Sporl$, 49-56. doi:
00418.x

Stellingwerf, T. (2012). Case study: nutrition and training peéiation in
three elite marathon runnerdnt. J. Sport Nutr. Exerc. MetaB2, 392—-400.
doi: 10.1123/ijsnem.22.5.392

Stepto, N. K., Hawley, J. A., Dennis, S. C., and Hopkins, W. G.9)1®ects
of dierent interval-training programs on cycling time-trial performaac
Med. Sci. Sports Exer®1, 736-741. doi:
0-00018

Stoggl, T. L., and Sperlich, B. (2015). The training intensitytribdistion
among well-trained and elite endurance athletésont. Physiol.6:295.
doi: 10.3389/fphys.2015.00295

Sylta, O., Tonnessen, E., and Seiler, S. (2014a). Do elite ewcduedhletes
report their training accurately™t. J. Sports Physiol. Perfor®, 85-92.
doi: 10.1123/ijspp.2013-0203

Sylta, O., Tonnessen, E., and Seiler, S. (2014b). From heartedte to
training quanti cation: a comparison of 3 methods of training-etsity

10.1111/j.1600-0838.2004.

1500 m track championint. J. Appl. Sport Sc25, 11-18. doi: 10.24985/ijass.
2013.25.1.11

Tjelta, L. I., Tonnessen, E., and Enoksen, E. (2014). A aadg st the training of
nine times New York marathon winner Grete Waitnt. J. Sports Sci. Coagh
139-159. doi: 10.1260/1747-9541.9.1.139

Tonnessen, E., Haugen, T. A., Hem, E., Leirstein, S., and,Sei{2015a). Maximal
aerobic capacity in the winter-Olympics endurance disciplines: olgmpedal
benchmarks for the time period 1990-2018t. J. Sports Physiol. Perfori,
835-839. doi: 10.1123/ijspp.2014-0431

Tonnessen, E., Svendsen, I. S., Ronnestad, B. R., Hisdalaugeri T.

A., and Seiler, S. (2015b). The annual training periodization8ofvorld

champions in orienteering.Int. J. Sports Physiol. Performi0, 29-38.

doi: 10.1123/ijspp.2014-0005

Tonnessen, E., Sylta, O., Haugen, T. A., Hem, E., Svendsen,andSSeiler,
S. (2014). The road to gold: training and peaking characteristicshe
year prior to a gold medal endurance performanéé.oS ONE9:e101796.
doi: 10.1371/journal.pone.0101796

10.1097/00005768-1999050C0n ict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or nancial relatiops that could
be construed as a potential con ict of interest.

Copyright © 2017 Solli, Tennessen and Sandbakk. This is an cyess-article
distributed under the terms of the Creative Commons AttohiLicense (CC BY).
The use, distribution or reproduction in other forums is jtgedh provided the
original author(s) or licensor are credited and that thginal publication in this
journal is cited, in accordance with accepted academitigeraldo use, distribution
or reproduction is permitted which does not comply witlettezms.

Frontiers in Physiology | www.frontiersin.org 14

December 2017 | Volume 8 | Article 1069



