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Summary 
Competitive cross-country (XC) ski athletes (defined hereafter as XC 

skiers and biathletes combined) are vulnerable to developing various 

health-related symptoms and conditions due to several factors, such as 

high physiological and psychological demands, extreme competition 

and training environments, high training loads, demanding 

competition schedules, and frequent travel. On initiating this work, we 

(the author and supervisory team) were approached by the Swedish 

Ski Association (SSF) and the Swedish Biathlon Federation (SSSF) to 

investigate the relationships between training, racing, and health 

problems, with a specific focus on illnesses (rather than injuries), and 

an ultimate goal of improving future support practices and athletic 

performance. The project coincided with the teams’ Olympic-cycle 

preparations for the 2022 Beijing Olympic Winter Games, which were 

held at an altitude of ~ 1700 m. Therefore, optimizing preparation to 

competitions at altitude was also a key concern for the two sports 

organizations. 

The project comprised four studies (Study I–IV). In Study I we 

examined the endurance training, performance, and illnesses 

characteristic in a group of highly-trained XC skiers throughout their 

transition from junior to senior level. In Study II we investigated the 

prevalence of injuries and illnesses in national team XC skiers over a 

competitive XC ski season. In Study III we monitored the daily 

variations and time course of changes in selected subjective and 

objective variables during an altitude training camp at ~ 1800 m in 

national team XC skiers and biathletes. Finally, in Study IV we explored 

whether the resting metabolic profile or changes in the metabolic 

profile in response to an exercise test can discriminate between athlete 
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groups with different physiological, performance, and illness 

characteristics. 

The skiers in Study I progressively increased their endurance training 

volume in a linear fashion from age 16 to 22 years old by ~ 50 h per 

year from ~ 470 h at age 16 to ~ 730 h at age 22 years old. The increase 

in endurance training volume was primarily achieved through an 

increase in low-intensity training and sport-specific training, rather 

than high-intensity and non-specific training. Furthermore, the skiers 

in Study I reported an average of three illness episodes per year, each 

typically lasting four days, which is comparable to senior elite-level 

athletes and the general population. During the competitive season 

health problems, especially illnesses, were relatively common, with 

approximately one in five skiers (19%) reporting at least one problem 

in any given week (Study II). Moreover, while the prevalence of all 

health problems was similar between performance levels, illnesses 

were less prevalent and overuse injuries were more prevalent in senior 

compared with development level skiers. Health problems, especially 

illnesses, were also more prevalent among female than male XC skiers. 

In Study III, we observed that measures typically recommended to 

monitor acclimatization and responses to altitude in athletes, such as 

resting peripheral oxygen saturation (SpO2rest) and resting heart rate 

(HRrest), did not follow the patterns suggested in the literature (e.g., an 

increase in SpO2rest and a decrease in HRrest over time at altitude). We 

also observed that 11 out of 15 illness episodes were reported within 

four days of the outbound or homebound flight. In addition, the 

biathletes who remained free of illness improved submaximal 

endurance performance from before to after the camp by ~ 4%. 
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Study IV showed that acute changes in the metabolic profile in 

response to a standardized exercise testing session could distinguish 

athletes based on performance level in sprint skiing competitions, and 

illness susceptibility in the subsequent 33 weeks. This information is 

particularly valuable for susceptible athletes and their coaches, as 

preventive measures, such as vaccination, hygiene education, and 

social distancing, can be implemented to reduce the risk of illness. 

Overall, this thesis expands upon previous knowledge about the 

health and training of competitive XC ski athletes and provides 

insights that can improve the support practices and athletic 

performance within the sports of XC skiing and biathlon. 

Keywords: altitude training, athlete monitoring, athlete testing, 

biathlon, endurance exercise, epidemiology, illness, injury, metabolic 

profiling, metabolomics, Nordic skiing, performance development, 

winter sports 
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Sammanfattning (Summary in 
Swedish) 
Längdskidåkare och skidskyttar är sårbara för olika negativa 

hälsorelaterade tillstånd som en konsekvens av till exempel höga 

fysiologiska och psykologiska krav, extrema tävlings- och 

träningsmiljöer, hög träningsbelastning, krävande tävlingsscheman 

och frekventa resor. Denna avhandling ämnar undersöka sambanden 

mellan träning, prestation och hälsoproblem, med ett särskilt fokus på 

sjukdomar, och syftet att förbättra det stöd som ges till de aktiva och 

slutligen öka deras prestationsförmåga. 

Avhandlingen består av fyra separata studier (Studie I–IV). I Studie I 

undersökte vi uthållighetsträningen, prestationsförmågan och 

sjukdomstillfällen i en grupp vältränade längdskidåkare under deras 

övergång från junior- till seniornivå. I Studie II undersökte vi 

förekomsten av skador och sjukdomar i en grupp längdskidåkare på 

landslagsnivå över en tävlingssäsong. I Studie III övervakade vi de 

dagliga variationerna och tidsförloppet för förändringar i utvalda 

subjektiva och objektiva variabler under ett höjdträningsläger på ~ 

1800 m i en grupp längdskidåkare och skidskyttar på landslagsnivå. 

Slutligen, i Studie IV undersökte vi huruvida den metaboliska profilen 

i vila och efter ett standardiserat träningstest skiljer mellan skidåkare 

med olika fysiologiska egenskaper och prestations- och 

sjukdomshistorik. 

Skidåkarna i Studie I ökade sin uthållighetsträningsvolym linjärt från 

16 till 22 års ålder med ~ 50 timmar per år, från ~ 470 timmar vid 16 års 

ålder till ~ 730 timmar vid 22 års ålder. Ökningen uppnåddes främst 

genom en ökning av lågintensiv och sportspecifik träning, snarare än 

högintensiv och ospecifik träning. Dessutom rapporterade skidåkarna 



xx 

i Studie I i genomsnitt tre sjukdomsepisoder per år med en 

genomsnittlig duration på fyra dagar, vilket är jämförbart med 

idrottare på elitseniornivå och den allmänna befolkningen. Under 

tävlingssäsongen var hälsoproblem, särskilt sjukdomar, relativt 

vanliga. I genomsnitt rapporterade en av fem (19%) av skidåkarna i 

Studie II minst ett hälsoproblem varje vecka. Medans förekomsten av 

alla typer av hälsoproblem var likartad mellan prestationsnivåerna, 

var sjukdomar mindre vanliga och överbelastningsskador vanligare 

bland aktiva på en elitnivå jämfört med aktiva på en utvecklingsnivå. 

Dessutom var hälsoproblem, särskilt sjukdomar, vanligare bland de 

kvinnliga jämfört med manliga skidåkarna. 

I Studie III observerade vi att vanligt förekommande variabler för att 

monitorera acklimatisering på höjd hos idrottare, såsom blodets 

syremättnad under vila och vilopuls, inte följde de mönster som 

tidigare har beskrivits i litteraturen (till exempel en ökning i 

syremättnad och en reduktion i vilopuls över tid på höjd). Vi 

observerade också att 11 av 15 sjukdomstillfällen rapporterades inom 

fyra dagar efter ut- eller hemresan. Dessutom förbättrade skidskyttar 

som inte blev sjuka under träningslägret sin submaximala 

prestationsförmåga från före till efter lägret med ~ 4%. 

Studie IV visade att akuta förändringar i den metaboliska profilen efter 

det standardiserade träningstestet kunde särskilja idrottare baserat på 

prestationsnivå i sprintskidåkningstävlingar och sjukdomskänslighet 

under de efterföljande 33 veckorna. Denna information är särskilt 

värdefull för idrottare som ofta blir sjuka eftersom förebyggande 

åtgärder, såsom vaccination, hygienutbildning och social distansering, 

kan implementeras för att minska risken för sjukdom. 
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Sammantaget har denna avhandling bidraget till ökad kunskap om 

elitaktiva skidåkare och skidskyttars hälsa och träning och gett insikter 

som kan förbättra det stöd som ges de aktiva och därigenom öka deras 

förutsättningar för att prestera optimalt. 

Nyckelord: epidemiologi, fysiologiska tester, höghöjdträning, 

längdåkning, metabolisk profilering, metabolomics, monitorering, 

prestationsutveckling, sjukdom, skador, skidskytte, 

uthållighetsträning, vintersport 
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1 Introduction 

1.1 The context for this thesis 
This work was a collaboration between the Swedish Winter Sports 

Research Centre (SWSRC) within the Department of Health Sciences at 

Mid Sweden University, the Swedish Ski Association (SSF), and the 

Swedish Biathlon Federation (SSSF). The SWSRC is a world-leading 

institution in applied and mechanistic research on winter sports. In 

addition, the SWSRC functions as an Olympic test center and provides 

scientific support to the SSF and SSSF. These long-standing 

professional relationships between the SWSRC, SSF, and SSSF provide 

a unique opportunity to conduct applied research on some of the 

world's best female and male endurance athletes. At the same time, 

although there is a tradition for close cooperation between some sports 

science researchers and high-performance sports environments in 

Sweden, embedded sports scientists are seldom a part of the formal 

support structures surrounding competitive athletes on a daily basis. 

The Swedish Olympic Committee and Swedish Sports Confederation 

offer support services, such as sports nutritionists, psychologists, and 

physicians. However, these services are typically only available to 

selected athletes and teams performing at the highest level in a given 

sport. Hence, successfully conducting long-term research projects in 

applied sport settings in Sweden currently relies upon coordinated 

organization by individual researchers/institutions and 

federations/associations. 

For this specific project, we (the author and supervisory team) were 

approached by the SSF and SSSF to provide more knowledge about the 

relationships between training, racing, and health problems in cross-

country (XC) skiers and biathletes, with a specific focus on illnesses 
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(rather than injuries) and an ultimate goal of improving future support 

practices and athletic performance. The project coincided with the 

teams’ Olympic-cycle preparations for the 2022 Beijing Olympic 

Winter Games (OWG), which were held at an altitude of ~ 1700 m. 

Therefore, optimizing preparation to competitions at altitude was also 

a key concern for the two sports organizations. 

1.2 Demands of the modern-day competitive 
endurance athlete 

As well as athletic talent, reaching a world-class level in any endurance 

sport requires a large volume of systematic training performed over 

time. In a sports context, training can be defined as activities aimed at 

improving or maintaining sports performance.1,2 Elite distance 

runners,3-8 orienteerers,9 speed skaters,10 and kayakers11 typically train 

between 500–700 h∙yr-1, while in sports such as cycling,12,13 swimming,14 

rowing,15 and triathlon,16 training volumes of > 1000 h∙yr-1 are required 

to reach a top international level. The sport-specific differences are 

likely due to the distinct loading characteristics of each sport, and 

result in variations in muscular stress and injury risk.17 

In addition to extensive training loads (TL), modern-day elite 

endurance athletes encounter many challenges that can influence their 

performance and health. For example, commercial demands have led 

to longer and increasingly congested calendars,18,19 and international 

air travel has become a regular part of athletes’ lives.18 Both 

competition participation and air-travel have been reported to increase 

the risk of illness in athletes.20-22 Elite endurance athletes are also 

regularly exposed to extreme environmental conditions, such as heat 

and humidity,23 cold and dry air,24 and altitude.25,26 Thus, it is a 

substantial challenge for coaches and support teams to manage the 
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array of demands while maximizing the performance and maintaining 

the health of their athletes. 

The World Health Organization defines health as “a state of complete 

physical, mental and social well-being and not merely the absence of 

disease or infirmity”.27 As an extension of this definition, Clarsen et 

al.28 defined an athletic health problem as “any condition that reduces 

an athlete’s normal state of full health, irrespective of its consequences 

on the athlete’s sports participation or performance or whether the 

athlete sought medical attention”,29 can have potentially devastating 

implications for the performance of elite athletes and even minor 

problems can result in individuals missing important competitions 

and training.30,31 Moreover, health problems may have career-ending 

consequences.32-34 Match availability of individual athletes has been 

shown to affect performance in team sports.35,36 However, there is a 

limited amount of research on training and competition availability 

and performance outcomes for individual sports. Raysmith and 

Drew30 reported that track and field athletes completing > 80% of their 

planned training over a season were seven times more likely to achieve 

their performance goal than those completing < 80%. In addition, 

athletes who sustained fewer than two injuries or illness episodes per 

season were three times more likely to achieve their performance goal 

compared to those who sustained two or more episodes.30 

1.3 The well-being continuum 
To describe the relationship between load, whether sport specific (e.g., 

training and/or competitions) or non-sport specific (e.g., negative life-

events and/or daily hassles), and athlete health, Fry et al.37 introduced 

the well-being continuum. The continuum progresses from homeostasis, 

through the stages of acute fatigue, functional overreaching, non-
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functional overreaching, and overtraining syndrome, and eventually 

ending with death (Figure 1). As an athlete is exposed to a load, stress 

is imposed, moving the athlete’s physical and psychological well-

being to the right on the continuum, reducing their fitness, and thus 

their performance potential.18,19,37 At the same time, the risk of adverse 

health effects increases.18,19 However, with sufficient recovery after a 

load the process is reversed and homeostasis is restored at a higher 

level of fitness and with increased performance potential.18,19 The 

relationship is further complicated by between-athlete variation, such 

as age, sex, sport, fitness, metabolic, hormonal, and genetic factors.38,39 

Ultimately, the relationship between load and well-being, and thus 

performance potential and risk of adverse health effects, will vary 

within and between athletes.18,19 The ultimate goal for athletes and 

coaches is to operate safely within the desired region of the continuum 

(i.e., between homeostasis and functional overreaching, depicted by 

the green arrow in Figure 1), to increase fitness and performance 

potential. A concomitant aim is to avoid the undesired region (i.e., 

between non-functional over-reaching and death, depicted by the red 

arrow in Figure 1), and a reduction in performance potential and/or 

adverse health outcomes. To ensure that these desired outcomes are 

achieved, regular monitoring of the athlete is recommended.18,19,39,40 
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Figure 1. The well-being continuum describing the relationship between load and 

health (adapted from Fry et al.37 and Soligard et al.19). 

 

1.4 Monitoring the elite athlete 
Athlete monitoring can be defined as the collection and analysis of data 

to detect meaningful changes in the athlete (e.g., in fitness, fatigue, 

performance potential, and health status).41,42 Athlete monitoring is 

considered essential to determine whether an athlete is adapting to a 

training program, understand individual training responses, assess 

fatigue, the need for recovery, and minimizing the risk of adverse 

health outcomes.19,42,43 In addition, athlete monitoring can improve 

communication between athletes, coaches, and support staff.39 

A central aspect of athlete monitoring is to quantify sport and non-

sport loads experienced by the athlete, and their responses. Loads are 

typically divided into external and internal loads.19,39,43 External loads 

are typically defined as the work performed by the athlete during 

training and competitions and are quantified independently of internal 

characteristics and responses.43 However, other external factors, such 

as life events, daily hassles, altitude, and travel, may be equally 
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important.19 Typical measures of external loads include time, distance, 

power output, and time-motion analysis parameters. Determining 

external load is important to understand the work completed, and to 

reveal capabilities and capacities of the athlete, but also to understand 

how other factors might influence them (i.e., to provide context for 

subsequent interpretations).39 Internal load can be defined as the 

athlete’s responses to external loads and can be divided into objective 

(e.g., heart rate (HR), lactate, creatine kinase, and cortisol) and 

subjective (e.g., perception of effort, fatigue, and recovery) measures.43 

Quantifying the internal load is critical as individual athletes may 

respond differently to the same external TL due to differences in 

factors such as fitness, fatigue, and/or training history.19,39 

While a plethora of measures is available, no single marker has yet 

been identified to accurately predict fitness, fatigue, or performance, 

or whether an athlete’s response to a load predicts maladaptation, 

illness, or injury.19,38,39,43 Thus, current recommendations are to combine 

measures that quantify exercise stimuli and the associated bio-

psychological responses that are relevant and specific to the unique 

characteristics of the sport.19,39,40 

1.5 Demands of modern cross-country ski 
athletes 

Throughout this thesis the term XC ski athletes is used to refer to both 

XC skiers and biathletes as both sports share the common mode of 

locomotion (i.e., XC skiing). The term XC skiers is used to refer to 

athletes competing in XC skiing only. Similarly, the term biathletes is 

used to refer to athletes competing in biathlon only. 
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1.5.1 Characteristics of cross-country skiing and 
biathlon 

XC skiers compete in races ranging from sprints that last ~ 3 min to 

prolonged endurance events lasting up to ~ 2.5 h, and over distances 

ranging from 1.5–50 km in either the classic or free (skating) XC ski 

technique (Figure 2A and 2B).44 Similarly, biathletes compete in races 

that last ~ 16–50 min, and over distances ranging from 6–20 km.45 

However, biathletes only compete in the skating technique (Figure 2B) 

and races also include 2 to 4 shooting bouts. Each shooting bout 

consists of five shots where every missed shot result in either a time 

penalty or a penalty loop, and alternates between prone and standing 

shooting positions depending on the specific event. Competitions in 

XC skiing and biathlon are performed over undulating terrain; hence 

there are large variations in both speeds (5–70 km∙h-1) and inclinations 

(-20–20%; Figure 2C).46-49 In response to these variations, XC skiers and 

biathletes continuously change between different sub-techniques,48,50 

and are repeatedly exposed to exercise intensities that exceed their 

peak aerobic power.51,52 The wide range of sub-techniques and the 

frequency of change between them, as well as the great fluctuations in 

power output, lead to unique demands in XC skiing compared to other 

endurance sports. World-class XC ski athletes exhibit some of the 

highest peak oxygen uptake (V̇O2peak) values reported in the literature, 

reaching values ~ 70 and > 80 mL·kg−1·min−1 for women and men, 

respectively.17,49,53 Additionally, successful XC ski athletes need to have 

a high fractional utilization of V̇O2peak, a well-developed skiing 

efficiency, and a large anaerobic capacity in all of the sub-

techniques.45,49,54 
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Figure 2. Overview of the sub-techniques in the classic (A) and freestyle (B) cross-

country (XC) skiing techniques, and a typical course profile (C) of a XC ski and biathlon 

World Cup course. While XC skiers compete in both classic and freestyle, biathletes 

only compete in freestyle. Skiers use the sub-techniques as a gear system where they 

freely choose the sub-technique based on external conditions (e.g., speed and incline) 

to optimize performance. Panels A and B are modified from Losnegard55 licensed 

under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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The World Cup seasons in XC skiing and biathlon starts at the 

beginning of December and late November, respectively, and lasts 

until the end of March. World Cup events are held almost every 

weekend throughout the entire season, with competitions often on 

consecutive days. The XC ski World Cup also includes the Tour de Ski, 

which is a multi-stage race consisting of six to nine stages during late 

December and early January. In addition to the World Cup, XC skiers 

and biathletes participate in the OWG every fourth year (i.e., the even 

years without Summer Games). Moreover, World Championships are 

held every second year (i.e., on all odd years) for XC skiers and every 

year except OWG years in biathlon. Most competitions take place in 

central Europe and Scandinavia, incurring frequent intra-continental 

travel. However, events are also held in Canada, the USA, and Asia, 

which requires athletes to travel further afield between continents. 

1.5.2 Annual training characteristics of cross-
country skiers 

Elite senior XC skiers typically perform 650–1000 h of annual training 

distributed across 400–500 sessions, where ~ 85–95% of the training is 

endurance based.17,44,49,56-58 Total training volume appears to be highest 

during the general preparation phase (June–August), with a 

subsequent decrease in training volume during the specific 

preparation (September–November) and competitive (December–

March) phases.17,56 Consistent with training-volume distribution, 

training frequency is at its highest during the general preparation 

phase, with a gradual reduction towards and throughout the 

competitive season.17,56 In contrast, the volume56 and frequency17 of 

high-intensity training (HIT), specifically, appear to increase 

throughout the season. In general, elite senior XC skiers typically apply 

a “polarized” training-intensity distribution, with the majority (~ 80–
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90%) of their endurance training performed as low-intensity training 

(LIT, ~ 90% below the first ventilatory threshold, VT1), while 

moderate-intensity training (MIT, above VTI and below the second 

ventilatory threshold, VT2) and HIT (above VT2) constitutes ~ 5% 

each.17,44,57-59 Moreover, it has been reported that world-class XC skiers 

perform more LIT than national-level XC skiers.60,61 Thus, LIT is an 

essential part of a XC skier’s training. 

Approximately 65% of the total annual training volume is performed 

as sport specific-training (i.e., on-snow and roller skiing).17,62 The 

proportion of sport-specific exercise increases considerably from the 

general preparation phase (~ 50%–60%) to the competition phase (~ 

80%).17,56 Training forms other than endurance training, such as 

strength and speed training, typically comprise ~ 6%–10% of the total 

annual training volume performed by senior elite-level XC 

skiers.17,57,58,62 World-class skiers perform a larger amount of both 

strength and speed training than national-level skiers.47,60 

The training characteristics of senior elite-level XC skiers are well-

documented in the literature.17,56-58,60,61 However, limited up-to-date 

information exists on the long-term training characteristics of XC 

skiers transitioning from junior to senior level. Except for a recent case 

study describing the long-term training practices of the world’s most 

successful female XC skier,62 the only documentation of long-term 

training practices (i.e., monitoring over > 1 season) was published 

almost 30 years ago.63 That study reported the training practices of 41 

Finnish XC skiers between the ages of 14–24 years old and showed that 

total weekly training distance increased from 40 km·week-1 at age 14 

years old to 140 km·week-1 at age 24 y. Skiing, roller-skiing, and 

running comprised ~ 40%, 45%, and 15% of the total distance, 

respectively, with no significant differences in these ratios between 
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ages. When considering the extensive changes that have occurred in 

XC skiing over the last 30 years,44 particularly with respect to the rules, 

competitive events on offer, and technological and technical 

advancements, a scientific update is overdue. Since the transition from 

junior to senior level is a critical phase in an athlete’s development, our 

research team explored the training characteristics of a group of 

highly-trained XC skiers over this time period in Study I. 

1.5.3 Altitude training 

XC ski athletes are regularly exposed to altitude during training camps 

and competitions (e.g., the XC skiing World Cup in Davos at ~ 1560 m; 

the 2020 Biathlon World Championships in Antholtz at ~ 1600 m; and 

the 2022 Beijing OWG events at ~ 1700 m). Given that international 

competitions are limited to a maximum altitude of 1800 m,64,65 training 

camps based at altitudes < 2000 m (defined as low altitude66) are 

regularly incorporated into these athletes’ training plans to prepare for 

competitions at altitude.17 

Similar to other endurance sports, it is common among elite XC skiers 

and biathletes to incorporate altitude exposure into the training 

schedule to induce short- and long-term physiological adaptations that 

may improve performance at altitude and/or sea level.25,26,67,68 World-

class XC skiers typically perform ~10–20% of their annual training 

volume as altitude training.17,62 Altitude training at glaciers also 

provides the opportunity for on-snow skiing during the summer 

months which is important sport-specific training in the off-season.49 

Altitude training is typically incorporated in the annual training plan 

as 2–6, live high-train low,26 training camps of relatively short duration 

(e.g., ~14–18 days), with athletes living at ~1800–2000 m and training 

at 1500–3000 m.17,49,62,68 While there are conflicting views on the effects 

of altitude training on subsequent sea-level performance,69-72 there is 
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consensus that acclimatization to altitude is necessary for optimal 

performance at altitude.67,73 Current recommendations suggest that ~ 

14 days of acclimatization at the same altitude as the competition is 

sufficient at moderate to high altitudes (i.e., 2000–4500 m).66,67,73,74 

However, since the time required for acclimatization is likely to be 

altitude-dependent, less time may be sufficient to acclimatize to lower 

altitudes.66,67,73,74 Despite this, very little systematic research attention 

has been given to acclimatization at low altitudes (i.e., < 2000 m) in elite 

endurance athletes.67 Thus, Study III investigated the responses of 

Swedish national teams athletes in XC skiing and biathlon during an 

altitude training camp at 1800 m as part of their preparations for the 

Beijing OWG. 

Whether altitude training is employed to improve subsequent sea-

level performance or to prepare for competition at altitude, a main goal 

is to maximize the positive physiological adaptations. Careful 

monitoring of individual responses to TLs and acclimatization is 

essential for optimizing these adaptations and for reducing the risk of 

adverse effects, such as over-training, illness and/or dehydration.25,40,75 

Given the combined stress of hypoxia and potential increases in TLs, 

individual monitoring is especially important during altitude training 

camps where large inter-individual differences in responses to 

hypoxia may manifest.76 While multiple indices for monitoring TLs, 

training responses, and acclimatization have been suggested,25,40,77 the 

invasive and/or time-consuming nature of measuring blood markers 

and implementing multi-item questionnaires, for example, makes their 

daily use with a large group of elite athletes impractical and unpopular 

in applied settings.78,79 As such, there is a need to explore the efficacy 

of a set of simple tools and measures that are readily available to 

athletes and their coaches.80 
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1.6 Health problems in cross-country skiers 

1.6.1 Illness 

In the only multi-season study of illness characteristics in high-

performing XC skiers to date, Svendsen et al.21 reported that elite 

Norwegian XC skiers typically experienced 3–4 respiratory tract 

infections (RTIs) and gastrointestinal infections (GIIs) per year, which 

is similar to the rate reported for elite swimmers.81 The highest 

frequency and longest duration of symptoms are reported during the 

winter months (i.e., December–February).21,81 However, there are 

considerable inter-individual variations in the number of reported 

illness events and days per year, with higher-performing skiers 

reported to experience significantly fewer illness days.21 

Intense periods of competition are associated with an increased risk of 

contracting illness in elite XC skiers. For example, athletes taking part 

in the Tour de Ski had a ∼ 3-fold higher risk of becoming ill during the 

competition or in the 10 days subsequent to the competition compared 

to athletes that did not participate.22 The authors related the increased 

risk of contracting an illness to a significant increase in TLs. By contrast, 

Svendsen et al.21 found no relationship between increases in TL and 

incidence of infections. However, they did report that taking part in 

competitions was a risk factor in itself.22 During the OWG and Winter 

Youth Olympic Games (WYOG) ~ 11% of participating XC skiers have 

been reported to present with an illness, compared with ~ 8% of all 

participating athletes, and RTIs accounted for 74%–87% of all of these 

illness cases.82-87 

Results are equivocal regarding sex differences in relation to illness in 

elite XC skiers. During the OWG a somewhat higher proportion of 

illnesses have been recorded among male compared with female XC 
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skiers (~ 10% vs. ~ 7%, respectively).82,85,86 Furthermore, a greater 

proportion of male than female XC skiers became ill during, or in the 

10 days immediately after an intense competition period.22 By contrast, 

during the WYOG a greater proportion of female compared with male 

XC skiers were affected by illness (~ 19% vs. ~ 7%, respectively),83,84,87 

while Svendsen et al. 21 reported that neither sex nor age were 

significant risk factors for the incidence or duration of RTI and GII 

symptoms. Given the contrasting results concerning illness patterns in 

skiers of different sexes and ages, and the lack of long-term prospective 

studies on illness characteristics in XC skiers, it warrants further 

investigation. 

International air travel is the single greatest risk factor associated with 

illness in XC skiers, making the athletes approximately five times more 

likely to report symptoms the following day.21 Furthermore, 

homebound flights and intercontinental flights are more likely to be 

associated with an athlete reporting symptoms of illness compared to 

outbound flights and intracontinental flights (14% vs. 5% and 17% vs. 

9%, respectively). Since most of the homebound flights investigated by 

Svendsen et al.21 were following competition weekends, it is possible 

that infection risk was increased due to suppressed immune function 

after competing. It is well documented that bouts of strenuous exercise 

suppress immune function for several hours after exercise is 

performed.88 

1.6.2 Injuries 

Compared to other sports, the risk of injury in XC skiing is relatively 

low.89-91 During short-term major championships (lasting ~ 14 days), 

such as the OWG and the WYOG, ~ 5% of participating XC skiers 

sustained an injury compared with ~ 12% when all participating 

athletes were considered.82-87 The proportions of XC skiing injuries 
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appear similar between the OWG and WYOG (~ 5.4% vs. ~ 5.1%, 

respectively) and between women and men (~ 5.9% vs. ~ 5.0%, 

respectively).82-87 Previous long-term studies (lasting ~ 1 year) have 

reported injury incidence rates in well-trained competitive and World 

Cup XC skiers of between 2.1 and 3.8 injuries per 1,000 exposure 

hours,34,92,93 and 11.4 injuries per 100 athletes per season,94 respectively. 

Injuries to the lower extremities and lower back appear most 

common.34,82,85,86,92,93 Most of the injury studies in XC skiing have been 

retrospective, have focused on specific types of injuries, or have only 

included adolescent or sub-elite-level skiers. Therefore, prospective 

investigation of injury characteristics in elite senior- and development 

level XC skiers over an extended time period is warranted. 

1.7 Advances in tools for bio-monitoring 
Biomarkers contained within biological fluids are commonly 

measured to monitor an athlete’s responses to training and their health 

status.40,95,96 However, current athlete monitoring approaches typically 

measure only a single or a limited set of biomarkers to characterize the 

complex physiological processes associated with exercise and health.97-

100 Considering that the body functions as an integrative system, the 

currently available reductionist approaches provide incomplete 

information about the metabolic effects of exercise.99,101 Thus, there is a 

need to explore alternative approaches that more accurately reflect the 

complex processes associated with training and health outcomes. 

Metabolic profiling provides a readout of hundreds to thousands of 

metabolites simultaneously in a given biofluid (e.g., blood, urine, or 

saliva), and thereby provides a comprehensive representation of the 

metabolic state of the organism at the time of collection.98,101 A major 

advantage of metabolic profiling compared to traditional biomarker 
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approaches is that multiple metabolic pathways can be assessed 

simultaneously.98,102 Moreover, only a small volume of biofluid (i.e., < 

100 μL) is necessary for metabolic profiling, while measuring a single 

biomarker (such as creatine kinase) requires a similar sample volume. 

This makes frequent sampling during exercise in a laboratory or the 

field possible, while facilitating a more comprehensive understanding 

of an athlete’s metabolic response to training and their current physical 

state (e.g., fitness and fatigue). 

Metabolic profiling is a promising tool for more comprehensively 

describing the suite of metabolic responses to exercise training. For 

example, Monnerat et al.103 reported distinct differences in both the 

resting metabolic profiles and changes in the metabolic profiles after a 

standardized exercise testing session in elite endurance runners 

grouped according to V̇O2peak (high: 76 ± 2 mL∙kg-1∙min-1 vs. low: 61 ± 4 

mL∙kg-1∙min-1). Similarly, San-Millán et al.99 reported distinct 

differences in resting and post-exercise metabolic profiles after a 

graded exercise test to exhaustion in World Tour professional cyclists 

grouped according to their blood lactate concentration ([La-]) at an 

exercise intensity of 5.0 W∙kg-1. Metabolic profiling has also shown 

promise in distinguishing athletes of different performance levels. For 

example, Shader et al.104 reported significant differences in the post-

exercise metabolic profiles of marathon runners grouped according to 

their race performance and aerobic fitness. Monitoring athletes’ 

metabolic profiles before and after a standardized exercise test may 

provide a more comprehensive understanding of the metabolic factors 

influencing performance. Metabolic profiling has also shown promise 

in identifying metabolites associated with illness susceptibility in 

athletes. Cuthbertson et al.105 reported significant differences in 10 

metabolites predominantly active in the sphingomyelin and ceramide 
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sub-pathways in the resting metabolic profiles of highly-susceptible, 

Olympic-level athletes (i.e., athletes experiencing ≥ 4 RTIs within 18 

months) when compared to non-susceptible athletes (i.e., those 

experiencing ≤ 1 RTI within 18 months). Being able to identify an 

athlete’s risk of illness could be a valuable tool when planning and 

managing elite athletes’ training.106 

Many metabolic enzymes are only activated when the organism is 

under stress, and their function can only be assessed in response to 

stress stimuli (e.g., exercise).97 Thus, an exercise stimulus might reveal 

new or additional information compared with resting samples alone. 

For the longitudinal monitoring of blood biomarkers to be integrated 

into routine athlete monitoring practices, blood must be collected 

using minimally invasive methods (e.g., via capillary blood samples or 

dried blood spots), using small blood sampling volumes (e.g., 50–1000 

uL). Moreover, the exercise testing session should not interrupt the 

athlete’s training or recovery.18 Only a limited number of studies have 

investigated metabolic responses to short-duration, high-intensity 

exercise,107 which is specifically relevant for routine monitoring. 

Therefore, Study IV explored whether the metabolic profile at rest, or 

changes in the metabolic profile in response to a standardized exercise 

test, could discriminate between athlete groups with different 

physiological, performance, and illness characteristics. 

1.8 Conducting research in high-
performance sports environments 

The primary goal for athletes and their support staff is to achieve 

athletic success. Hence, working in an elite sports setting poses several 

challenges when planning and carrying out scientifically rigorous 

studies, as the scientific output is not the participants’ primary concern. 
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For example, intervention studies are difficult to conduct as athletes 

and coaches are often reluctant to let researchers control their training 

programs for fear of performance being negatively affected. In other 

instances, it would be impossible to convince or even unethical to carry 

out intervention studies, as they would have major implications for the 

athlete’s performance and health (e.g., inducing overtraining 

syndrome to uncover responsible mechanisms). Hence, observational 

studies are often the most suitable and sometimes the only option to 

assess associations between exposures and outcomes in high-

performing athletic cohorts.108 Also, imposing minimal interference to 

athletes’ training and daily routines, and the work of coaches and 

support staff, is often a key requirement.109,110 This can limit the tools at 

hand for the researcher. It can also be difficult to develop and follow 

long-term research plans due to changes in personnel (e.g., leadership 

and support staff) and funding, as there is always pressure to achieve 

sporting results (e.g., winning championship medals). Coaches are also 

essential to maintain adherence to a monitoring program, as they tend 

to the crucial link between athletes and researchers.109 Hence, a coach 

leaving the sports organization can have catastrophic effects on 

longitudinal research projects. 

Elite athletes are by definition a relatively small population;111 thus 

small sample sizes are a recurring issue in research on this 

population.112 Hence, ensuring sufficient statistical power can be 

challenging. This is especially relevant considering that even small 

changes might have meaningful implications for performance.113 Small 

sample sizes also constitute a challenge, for example, when trying to 

identify patterns or risk factors of rare conditions, such as specific 

injuries or overtraining syndrome. 
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Finally, rapid and actionable feedback is key for successful 

implementation of athlete monitoring programs,78,109,110,114 and in 

extension the quality of the data. However, compared to the fast-

moving nature of high-performance sports, scientific research 

demands more time.115 Thus, it can be hard to meet the needs and 

expectations of athletes and coaches, which may influence the success 

of a research project. In addition, providing feedback during 

longitudinal monitoring studies is important in real-world scenarios 

where optimizing the effects of training and protecting health is of 

utmost importance. However, from a scientific perspective providing 

ongoing feedback might influence athlete behavior and the final study 

outcomes. Despite these challenges, applied research with high-level 

athletes is able to provide unique insights into human physiology and 

behavior while also informing and improving practice in high-

performance sports environments.115,116 
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2 Aim 
The overarching aim of this thesis was to provide knowledge on health 

problems and training of competitive XC ski athletes, with the ultimate 

goal of increasing knowledge to support future performance. We 

conducted four separate studies: one retrospective cohort study (Study 

I) and three prospective cohort studies (Study II, III, and IV). The 

specific aims were to: 

I. Describe the endurance training undertaken by a cohort of 

highly-trained XC skiers developing from junior to senior 

level and to describe the incidence of self-reported illness 

and the relationships between training volume and self-

reported illness in this cohort. 

II. Describe the prevalence of injuries and illnesses in national 

team XC skiers over a competitive XC ski season and 

compare the prevalence and severity of these health 

problems between senior and development level athletes 

and explore potential sex differences. 

III. Investigate the daily variations and time course of changes 

in selected subjective and objective variables during an 

altitude training camp at 1800 m in a group of elite XC 

skiers and biathletes. 

IV. Examine the influence of a short-duration, high-intensity 

exercise test on the metabolic profiles of highly-trained 

endurance athletes and explore whether the metabolic 

profile at rest or changes in the metabolic profile in 

response to the exercise test can discriminate between 



 

22 

athlete groups with different physiological, performance, 

and illness characteristics. 

The four studies were all exploratory in nature, thus no prior research 

hypotheses were formulated. To ensure progression through the body 

of work, a retrospective method was initially adopted to analyze 

current practice, after which prospective and exploratory methods 

were used to create a platform for future developments in athlete 

monitoring within XC skiing and biathlon. 
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3 Methods 
In this chapter the key methods of the four studies are summarized. 

For more detailed descriptions the reader is referred to the individual 

papers at the end of this thesis. 

3.1 Participants 
A total of 60 XC skiers (24 women and 36 men) and 11 biathletes (7 

women and 4 men) volunteered to participate in the four studies (Table 

1). Forty XC skiers (18 women and 22 men) participated in more than 

one study. According to McKay et al.,111 the athletes could be 

categorized as highly-trained (Tier 3) to world-class athletes (Tier 5). 

At the time of inclusion, participants represented either the Swedish 

national senior, development, or junior XC ski team, the Swedish 

national biathlon team or were enrolled at one of the specialist ski 

universities in Sweden. The studies were pre-approved by the regional 

ethical review board in Umeå (2018/46-31 and 2019-02509), Sweden, 

and were carried out in accordance with the Declaration of Helsinki.  
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Table 1. Participant characteristics (mean ± SD). 

 N Age (yr) 
Body mass 

(kg) 
Height (cm) 

V̇O2peak 

(mL∙kg-

1∙min-1) 

Study I*      

 Women 12 n/a n/a n/a n/a 

 Men 19 n/a n/a n/a n/a 

Study II      

 Women 18 23.0 ± 3.5 63.2 ± 4.2 169.2 ± 4.5 63.5 ± 4.1 

 Men 22 23.0 ± 3.4 78.1 ± 5.9 181.7 ± 5.8 71.2 ± 3.8 

Study III      

 Women 16 25.2 ± 3.2 62.9 ± 5.6 167.8 ± 6.6 63.3 ± 4.9 

 Men 16 26.4 ± 2.6 79.6 ± 6.5 182.3 ± 6.4 71.3 ± 4.8 

Study IV      

 Women 10 20.3 ± 1.5 64.8 ± 3.3 171.5 ± 2.9 61.2 ± 1.4 

 Men 13 20.7 ± 1.2 76.0 ± 4.5 180.8 ± 4.8 71.1 ± 3.2 

Note: *: Data not available due to the retrospective design of Study I. 

Abbreviations: n/a = not available; V̇O2peak = peak oxygen consumption. 

3.2 Study designs 

3.2.1 Study I 

A retrospective cohort study design was used to collate self-reported 

endurance training and illness data recorded between April 23, 2012, 

and April 22, 2018. Individual training and illness data were retrieved 

from the athletes’ training diaries from the season starting the year 

they turned 16 years old until the season starting the year they turned 

22 years old. In addition, International Ski Federation (FIS) points and 
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rankings for distance and sprint competitions were retrieved from the 

FIS website to evaluate changes in on-snow performance level of the 

skiers throughout the study period 

3.2.2 Study II 

A prospective cohort study design was applied to collect data on 

health problems experienced by the participants throughout the 

complete 2019/20 FIS World Cup season (November 24, 2019, to March 

15, 2020; i.e., 17 weeks). The skiers reported their health problems 

weekly by responding to the Oslo Sports Trauma Research Center 

Questionnaire on Health Problems (OSTRC-H2).28 

3.2.3 Study III 

A prospective cohort study design was applied to collect information 

on the daily variations and time course of changes in selected variables 

during a pre-season altitude training camp at 1800 m (Figure 3). The 

specific altitude was chosen because it is an altitude typically used by 

elite endurance athletes during preparations for competitions at 

altitude.17,25 The duration of the camp was 17 days (18 nights) and 21 

days (22 nights) for the XC skiers and biathletes, respectively. All 

athletes also registered their health problems weekly during the camp 

and after the first week after the training camp using the OSTRC-H2.28 

All training sessions were performed at 1200–2250 m and were 

designed and led by the national team coaches (employing the live 

high-train high method26). In addition to the daily monitoring at altitude, 

athletes performed a standardized 5-min submaximal cycling test at 

near sea level (baseline) and this test was repeated at three time points 

at altitude (Figure 3). Before and after the camp, at near sea level, body 

composition was assessed in all athletes and the biathletes also 

performed a submaximal roller-ski test. 
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Figure 3. Schematic overview of measurements carried out during the altitude training 

camp. All: all athletes; XCfemale = female cross-country skiers; XCmale = male cross-

country skiers; BIA = biathletes; SpO2 = peripheral oxygen saturation. The shaded area 

indicates biathletes only. 

 

3.2.4 Study IV 

In this cohort study, blood samples for metabolic profiling were 

collected before (at rest) and immediately after (post-exercise) a 

standardized exercise testing session. Information regarding illness 

episodes was collected weekly for 33 weeks using the OSTRC-H2.117 In 

addition, the on-snow performance level of the skiers in sprint and 

distance skiing competitions was determined using FIS rankings. The 

athletes were grouped according to time trial (TT) performance (i.e., 

time to complete the TT part of standardized exercise testing session), 

post-exercise blood lactate concentration ([La-]post), absolute and 

relative V̇O2peak, speed and percentage of V̇O2peak (%V̇O2peak) at [La-] 2 

and 4 mmol∙L-1, on-snow sprint and distance skiing performance, and 

illness susceptibility. 
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3.3 Measurements and procedures 

3.3.1 Study I: Training monitoring 

The skiers recorded their day-to-day training in a bespoke online 

training diary developed specifically for the SSF. An endurance 

training session was defined as a session containing at least 60 min of 

endurance exercise, including warm-up and cool-down. The 

information recorded for each endurance training session included 

total training times in different activities (on-snow XC skiing, roller 

skiing, running, cycling, orienteering, ski walking, or “other”) and 

total time at different training intensities according to a 4-zone 

intensity scale developed by the SSF,118 as presented in Table 2 (values 

in this table are guidelines only and athletes made their own subjective 

adjustments during training).  
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Table 2. The four-zone intensity scale used by the Swedish Ski Association (SSF) and 

the binary intensity scale used for categorization of endurance training in the current 

thesis. 

Intensity 

zone 

Reference heart 

rate (% maximum) 
Binary scale Examples of training 

4 > 95 HIT 

Competitions, high-intensity 

interval training with recovery 

time equal to 50–100% of work 

interval time. Total training time 

in this zone: typically 20–30 min 

3 85–95 HIT 

Natural intervals, longer intervals 

with recovery time equal to 25–

50% of work interval time. Total 

training time in this zone: 

typically 30–60 min 

2 75–84 LIT 

Moderate-intensity continuous 

training, natural intervals. Total 

training time in this zone: 

typically 45–90 min 

1 60–74 LIT 

High-volume, low-intensity 

continuous training, recovery 

session, and warm-up. Effective 

training time typically < 180 min 

Abbreviations: HIT = high-intensity training; LIT = low-intensity training. 

NB. The text has been translated from Swedish for the purposes of this 

communication 
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The skiers allocated training time to each intensity zone using a 

modified session goal approach.119 Since the four intensity zones are 

not defined by underlying physiological events,120 the binary model 

presented by Tønnessen et al.17 was adopted before data analyses. In 

this model, LIT refers to training intensities < 85% of the maximal HR 

(to approximate sub-lactate threshold training) and HIT refers to 

training intensities ≥ 85% of the maximal HR (to approximate supra-

lactate threshold training). On-snow skiing and roller skiing were 

classified as sport-specific training, while running, cycling, 

orienteering, ski walking, and “other” were defined as non-specific 

training. 

Consistent with the practice of the SSF, each annual cycle was divided 

into 13 x 4-week training periods, starting from week 17 of the 

respective calendar year (i.e., late April). In line with Tønnessen et al.,17 

the 13 training periods were divided into five periodization phases: 

transition, general preparation, specific preparation, competition, and 

regeneration (Table 3).  
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Table 3. A description of the five periodization phases across the annual cycle. 

Periodization 

phase 
Training period Time of year Number of days 

Transition 1 Late April-Late May 28 

General 

preparation 
2–7 

Late May-Early 

November 
168 

Specific 

preparation 
8–9 

Early November- 

End December 
56 

Competition 10–12 
Start January-Late 

March 
84 

Regeneration 13 
Late March-Late 

April 
28 

 

3.3.2 Study I–IV: Monitoring of health problems 

In Study I, an illness episode was defined as any self-reported event of 

illness incurred at any point in time, regardless of the consequences 

with respect to absence from training or competition, as based on the 

definition from the International Olympic Committee consensus 

statement.18 The participants reported illness episodes in their online 

training diaries (injuries were reported separately), and to be 

categorized as separate events illness episodes had to be separated by 

a minimum of 7 days.21,81 

In Study II, III, and IV, participants reported their health problems 

using the OSTRC-H2, which consists of four key questions assessing 

the consequences of health problems on sports participation, training 

volume, sports performance, and the degree of experienced symptoms 

in the past 7 days.28,121 A health problem was defined as any health 

issue reported by the athlete, irrespective of severity, impairment in 
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sports participation or performance, or whether the problem received 

medical attention.28,29,121 When a health problem was reported, the skier 

was also asked whether it was a recurring problem and to provide 

additional information on the type of the problem (acute injury, 

overuse injury, or illness). 

Injury was defined as a physical complaint affecting the 

musculoskeletal system,29,121 and classified as either an acute injury (i.e., 

an injury caused by a single, clearly identifiable event such as a fall or 

collision) or an overuse injury (i.e., an injury that could not be linked 

to a single, clearly identifiable event).29,121 Illness was defined as a 

complaint or disorder not related to an injury, affecting organ systems 

such as (but not limited to) the respiratory, gastrointestinal, cardiac, or 

dermatological systems, and unspecified or general symptoms such as 

fever, dizziness, or fatigue.29,121 Illness also included psychological 

symptoms and conditions (e.g., depression and anxiety).29,121 

Furthermore, the skiers provided information on injury location, 

illness symptoms (e.g., symptoms indicative of RTIs such as a blocked 

or runny nose, sore throat, sneezing, coughing, sputum, chest 

congestion, or wheezing21), date of first symptoms, time loss (reported 

as the number of days with a total inability to train or compete29,121), 

and whether or not the problem had received medical attention. 

Finally, a health problem was classified as substantial when leading to 

moderate or severe reductions in training volume, moderate or severe 

reductions in sports performance, or a complete inability to participate 

in sport.28 

Prevalence was calculated by dividing the number of skiers reporting 

a specific health problem by the number of questionnaire responses in 

a specific week.28 The weekly prevalence of all health problems, 

injuries (acute and overuse), and illnesses for each week of the 
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competitive season was computed for all skiers combined, separately 

for senior and development level skiers, and for the female and male 

skiers. In addition, the prevalence of substantial health problems for 

each category of problems and participants was computed. 

Weekly severity scores were calculated using the method outlined by 

Clarsen et al.28 Based on responses to the four key questions in OSTRC-

H2 the severity of the reported health problems was allocated a 

numerical value from 0 (no problem) to 25 (maximal level). The 

numerical values were then summed to generate a severity score 

ranging from 0 to 100. Subsequently, cumulative severity scores for 

each health problem, average weekly severity scores for all health 

problems, and total time loss for each health problem was computed.28 

3.3.3 Study I–IV: Performance level 

One major challenge when trying to quantify performance in XC skiing 

is that race times cannot be compared between competitions, even 

though race distances are usually standardized, as course profiles and 

environmental conditions are highly variable.44 Hence, to quantify the 

on-snow performance levels of the XC skiers in this thesis the FIS 

points system was used,117 as is often utilized in the literature.47,60,122-124 

A skier’s FIS points score at any given time is calculated as the average 

top five results (in FIS points) over the last 365 days (an adjustment 

factor of > 1.0 is applied if fewer than five results are available). The 

number of FIS points gained in a single competition is determined by 

adding the individual race points (Pi) to the race penalty score, where 

Pi is calculated as follows: 

𝑃𝑖 =  
𝐹 × 𝑇𝑥

𝑇𝑜
− 𝑅𝑓 (1) 
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Rf is the race factor (800 for all individual time TTs; 1200 for sprints and 

pursuit races; 1400 for mass start and skiathlon races), Tx is the race 

time (in seconds), and To is the winning race time (in seconds). Hence, 

lower race points indicate a better performance. The race penalty is 

calculated by summing the three highest FIS points scores (from the 

current FIS points list) from the top five finishers in the respective 

competition, then dividing by 3.75. Separate FIS points lists and 

rankings are used for distance and sprint competitions, and these are 

publicly available on the FIS website.125 

3.3.3 Study III: Altitude-specific monitoring 

3.3.3.1 Daily monitoring 

Upon awakening, athletes registered their resting heart rate (HRrest) 

using personal HR monitors (Garmin International Inc., Olathe, United 

States; Suunto, Vantaa, Finland; Polar Electro Oy, Kempele, Finland). 

They also collected a first morning mid-stream urine sample for 

assessment of urine specific gravity (USG) urine color (UC) using a 

standardized scale.126 USG was determined after samples had reached 

room temperature (~ 20°) using a digital handheld refractometer 

(Atago PAL-10s, Atago, Tokyo, Japan). Resting peripheral oxygen 

saturation (SpO2rest), body mass (BM), perceived recovery (Rec) and 

stress, and blood urea nitrogen concentration [U] were measured in a 

field laboratory between ~ 6.30 and 9.00 AM, i.e., while the athletes 

were still in a fasted state. BM was measured using digital scales (Beuer 

SR BF 1, Beuer GmbH, Ulm, Germany), SpO2rest was measured using a 

finger-clip pulse oximeter (Onyx Vantage, Nonin Medical B.V., 

Netherlands), and perceived Rec and stress were assessed using the 

overall recovery and stress items from the Short Recovery and Stress 

Scale.127 [U] was measured in the biathletes only from finger-prick 

capillary blood samples and analyzed using the Reflotron Plus system 
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(Roche Diagnostics Scandinavia AB, Solna, Sweden). TL (arbitrary 

units: arb. units) was quantified as total training duration (min) x 

session rating of perceived exertion rated on a modified version of 

Borg’s category ration scale (Borg’s CR10-scale).128 Data were collected 

within 10 min of completing each training session. Training duration 

for each training session was retrieved from the athletes’ training 

diaries. 

3.3.3.2 Submaximal cycling test 

The 5-min submaximal cycling tests were performed on stationary 

cycle ergometers (XC skiers: Ergomedic 828e, Monark Exercise AB, 

Vansbro, Sweden; biathletes: Monark LC, Monark Exercise AB, 

Vansbro, Sweden) at a constant power output of 120 W for the women 

and 160 W for the men. The 5-min duration and relatively low power 

outputs were chosen to ensure that the submaximal exercise remained 

moderate at altitude. Further, logistical restraints required that the test 

be included as a warm-up to a subsequent training session and that it 

would have minimal impact on the athletes’ planned training and 

recovery. 

Exercising SpO2 (SpO2work) and HR (HRwork) were recorded during the 

final 30 s of the test using a finger-clip pulse oximeter. Immediately 

after completion of the test, athletes rated their perceived exertion 

(RPEwork; 6–20 Borg scale 129) and blood lactate concentration ([La-]work) 

was measured from finger-prick capillary blood samples (XC skiers: 

Lactate Scout+, EKF Diagnostics GmbH, Barleben, Germany; biathletes: 

Lactate Pro, Arkray KDK, Kyoto, Japan). 
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3.4 Laboratory tests 

3.4.1 Study III: Submaximal roller-ski test 

For logistical reasons (i.e., the time taken to test 38 athletes using the 

same equipment, with the same test personnel and at the same 

laboratory, which in many cases was far away from the athletes’ home 

towns), the submaximal roller-ski tests used in Study III were not 

completed by the XC skiers. The test used with the biathletes consisted 

of a standardized 6-min warm-up followed by 3–5 stages each lasting 

4 min and separated by 1-min rest intervals (Figure 4).54 The women 

started at 7 km·h−1 and 3.5° inclination, and the men at 8 km·h−1 and 

4.5° inclination, and the tests were carried out using the G3 ski skating 

sub-technique (i.e., one poling action for each leg push; Figure 2B).48. 

The speed was increased by 1.5 km·h−1 per stage for both sexes until 

the following criteria were met: respiratory exchange ratio > 1.0, 

ventilatory equivalent for oxygen > 30, HR ≥ 90% of known maximal 

heart rate (HRmax) and a rating of perceived exertion ≥ 16 out of 20. The 

tests were conducted 10 ± 3 days and 7 ± 3 days before the day of 

departure and after the return from the altitude training camp, 

respectively, to identify changes in the speed at a [La-] of 4 mmol·L-1 

(Speed@4mmol). Speed@4mmol was calculated from the individual linear 

relationships between [La-] and speed.122 [La-] was measured from 

finger-prick capillary blood samples.  
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Figure 4. Schematic overview of the incremental submaximal roller-ski test carried out 

by the biathletes in Study III. F = female skiers; M = male skiers; solid lines = performed 

by all athletes; dotted lines = completed depending on fitness/capacity. 

 

3.4.2 Study IV: Standardized exercise testing 
session 

The standardized exercise testing session consisted of a graded 

submaximal exercise test followed by a self-paced maximal TT and 

was carried out using the diagonal-stride skiing technique (Figure 

2A).48 A schematic overview of the session is presented in Figure 5. 

The skiers first performed a 6-min warm-up at the same workload as 

the first stage of the subsequent graded submaximal exercise test. 

Thereafter, they performed 4–6 submaximal exercise stages, each 

lasting 4 min and separated by 1-min, passive rest intervals. The 



 

37 

women started at 8 km·h−1 and a 3° inclination and the men 9 km·h−1 

and a 4° inclination. Speed was increased by 0.5 km·h−1 and gradient 

by 1° per stage for both sexes. The submaximal test was terminated 

after the stage at which the respiratory exchange ratio exceeded 1.00, 

ventilatory equivalent for oxygen exceeded 30, and HR exceeded 90% 

of the self-reported HRmax.122 After 5 min of active recovery at the 

same speed and inclination as the warm-up and 5 min of passive 

recovery, the skiers performed a 5-min re-warm-up including three 

incremental sprints (~ 20 s) before commencing the self-paced TT. The 

TT was carried out on a 7° inclination and the distance was 700 m for 

the women (starting speed, 10 km·h−1) and 800 m for the men (starting 

speed, 13 km·h−1). Throughout the TT the skiers controlled the speed 

of the treadmill by way of a laser system, which detected their 

position continuously.122 The speed of the treadmill was 

automatically increased by 0.19 m·s−2 or decreased by 0.11 m·s−2 as the 

skier moved to the front or rear of the treadmill, respectively.  
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The highest consecutive 30-s V̇O2 measurements were reported as 

V̇O2peak. Speed and %V̇O2peak corresponding to a [La-] of 2 and 4 

mmol·L−1 were calculated from the individual linear relationships 

between speed and [La-] and V̇O2 and [La-], respectively.122 

3.4.3 Study III and IV: Laboratory test equipment 
used for roller-ski assessments 

All roller-ski exercise assessments were carried out on a motorized 

treadmill (belt dimensions, 3.3 × 2.5 m; Rodby Innovation AB, Vänge, 

Sweden). Participants used Pro-Ski S2 (biathletes, Study III) or Pro-Ski 

C2 (XC skiers, Study IV) roller-skis (Sterners, Dala-Järna, Sweden) 

equipped with NNN (Rottefella, Klockarstua, Norway) or Prolink/SNS 

(Salomon, Annecy, France) bindings. Rolling resistances were 

determined using methods detailed by Ainegren et al.130 Equipment 

used for the roller-ski assessments was validated prior to the 

experimental period and details of the validation procedures are 

described elsewhere.122 

Oxygen consumption (V̇O2) was monitored continuously during 

roller-ski exercise using an AMIS 2001 metabolic system (model C; 

Innovision A/S, Odense, Denmark), which was calibrated before each 

testing session using ambient air, a calibration gas (Strandmöllen AB, 

Ljungby, Sweden) with known concentrations of 16% O2 and 4.5% CO2, 

and a 3 L syringe (Hans Rudolph, Kansas City, MO). [La-] was 

measured using a Biosen S-Line (EKF diagnostic GmbH, Magdeburg, 

Germany). Body height and mass were measured with a digital 

weighing and measuring station (Seca 764, Seca GmbH, Hamburg, 

Germany). 
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3.4.4 Study III: Body composition measurements 

Lean mass, fat mass, and total BM were determined using dual X-ray 

absorptiometry (GE Lunar iDXA, GE Healthcare, Buckinghamshire, 

UK) 4 ± 4 days and 4 ± 3 days before the day of departure and after the 

return from the altitude training camp, respectively. Measurements 

were performed according to best practice recommendations for 

densitometry in athletes.131 

3.4.5 Study IV: Metabolic profiling 

3.4.5.1 Blood sample collection and handling for metabolic 
profiling 

The same experienced lab technician collected whole blood capillary 

samples for metabolic profiling. Resting samples were collected after 

10 min of supine rest, while post samples were collected 2.5 min after 

the completion of the TT in the upright position, immediately after and 

from the same finger-prick as the [La-]post sample (Figure 5). Samples 

were obtained from the sterilized tip of the second, third, or fourth 

finger using a 21G safety lancet (Sarstedt, Nümbrecht, Germany). The 

initial droplet was blotted with a clean gauze, after which the sample 

was collected into a 100 𝜇L Microvette® 100 K3 EDTA tube (Sarstedt, 

Nümbrecht, Germany). Subsequently, two 40 𝜇L aliquots were 

transferred to Eppendorf tubes and stored at −80°C for later metabolic 

phenotyping. 

3.4.5.2 Metabolomics analysis 

Metabolic profiling was performed by the Swedish Metabolomics 

Center in Umeå, Sweden, using both targeted and untargeted 

approaches. The targeted approach involved searching for a pre-

defined list of metabolites (n = 26) within the data based on accurate 

masses and retention times obtained with gas chromatography-mass 

spectrometry (GC-MS) that matched in-house libraries. The untargeted 
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approach aimed to quantify all detectable metabolites in the blood 

sample in an unbiased way using both GC-MS and liquid 

chromatography-mass spectrometry (LC-MS). For a detailed 

description of metabolic profiling, the readers are referred to Study IV. 

3.4.5.3  Athlete groupings 

Within each sex, the sample mean was used to group participants into 

two groups (high and low) based on their TT performance (i.e., time to 

complete the TT), [La-]post, absolute and relative V̇O2peak, and speed and 

%V̇O2peak at [La-] 2 and 4 mmol∙L-1. Subsequently, the female and male, 

high and low groups were combined for further analyses the high and. 

Similarly, within each sex, a median split was used to group 

participants according to high and low on-snow sprint and distance 

skiing performance (i.e., based on FIS rankings). Illness-susceptible (S) 

athletes were defined as athletes reporting ≥ 2 illness episodes in the 

33-week study period, while non-susceptible (NS) athletes were 

defined as athletes reporting ≤ 1 illness episode. 

3.5 Statistical analyses 
Data in text and tables are presented as mean ± standard deviation (SD) 

unless stated otherwise. All prevalence measures are shown as means 

with 95% confidence intervals (95% CIs). In figures, error bars denote 

either 95% confidence intervals or SDs, which is specified in the figure 

captions. Where relevant, the normality of the data was assessed using 

the Shapiro-Wilks test of normality (α = .05). Statistical analyses were 

carried out using R (v 3.6.3, R Core Team, Vienna, Austria, 2020; Study 

I and II), MATLAB (R2019b, MathWorks, Natick, MA, USA; Study III), 

SIMCA 16.0 (Sartorius AG, Umeå, Sweden; Study IV), and 

MetaboAnalyst 5.0132 (Study IV) and the alpha level was set at p < .050 

in all studies. 
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3.5.1 Study I 

Linear mixed-effects models were fitted to assess: i) relationships 

between training and performance variables and age; ii) the effect of 

total annual training volume on performance while controlling for age; 

and iii) the relationship between the annual number of self-reported 

illness days and LIT volume, HIT volume and age. Differences in the 

incidence of self-reported illness episodes between age groups, 

seasons, and periodization phases were analyzed using incidence rate 

ratios. Differences in the total number of illness days per year and 

average duration of illness episodes between the two age groups were 

analyzed using Wilcoxon rank-sum tests. The association between the 

total number of self-reported illness days and total training volume 

was determined using repeated-measures correlation (rrm).133 

3.5.2 Study II 

Group differences were assessed using either independent-samples t-

tests (participant characteristics) or Mann-Whitney U-tests (FIS 

rankings, response rates, and prevalence of health problems). 

3.5.3 Study III 

Linear mixed-effects models were fitted to assess: i) the time course of 

changes in the daily measures carried out at altitude and ii) changes in 

variables measured during the 5-min submaximal cycling test. 

Changes in RPEwork during the 5-min submaximal cycling test were 

assessed using a Friedman’s two-way ANOVA by ranks test, while 

change in Speed@4mmol from before to after the camp was assessed using 

a Wilcoxon signed-rank test. Unbiased within-subject coefficients of 

variation (CV; i.e., (SD/mean) × 100%) were established to quantify the 

individual variation in the daily measures.134 
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3.5.4 Study IV 

Data from the targeted and untargeted metabolomics approaches were 

combined into a single dataset before analysis. Changes in the 

metabolic profile from rest to post-exercise were quantified by log2 

fold-changes. To illustrate acute changes in the metabolic profile in 

response to the standardized exercise testing session, the top 50 t-test 

(rest vs. post exercise) significant metabolites were hierarchically 

clustered and presented in a heat map. To identify group differences, 

unsupervised principal component analyses (PCA) and supervised 

orthogonal partial least squares discriminant analyses (OPLS-DA) 

were carried out. Importance of metabolites to model separation was 

assessed using variable influence on projection (VIP) analysis. All 

statistically significant OPLS-DA models were followed up by 

enrichment analyses to evaluate the biological significance of the 

metabolic changes.
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4 Results 
In this chapter the main findings of the four studies are summarized. 

For more detailed results the reader is referred to the individual papers 

at the end of this thesis. 

4.1 Study I: Training and illness 
characteristics of cross-country skiers 
transitioning from junior to senior level 

4.1.1 Training characteristics 

Total annual endurance training volume, LIT volume, HIT volume, 

specific- and non-specific training volume, and the number of 

endurance training sessions (including competitions) increased 

significantly from age 16 to 22 years old (all p < .050; Figure 6). The 

total annual endurance training volume increased by ~ 75% (55.9 ± 

2.8 h·y-1). The total annual LIT volume increased by ~ 75% (51.4 ± 2.4 

h·y-1) and the HIT volume by ~ 60% (4.9 ± 0.6 h·y-1). The number of 

endurance training sessions increased by ~ 50% (21 ± 1 sessions·y-1) and 

the amount of specific and non-specific training increased by ~ 110% 

(50.0 ± 2.2 h·y-1) and ~ 20% (4.6 ± 2.0 h·y-1), respectively. 
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Figure 6. Progression in annual endurance training from age 16 to 22 years (y) old. 

(A) total annual training volume; (B) low-intensity training (LIT) volume; (C) high-

intensity training (HIT) volume; (D) number of endurance training sessions; (E) specific 

(i.e., on-snow skiing and roller skiing) training volume; and (F) non-specific (i.e., 

running, cycling, orienteering, ski walking and “other”) training volume. Closed circles 

and whiskers: mean ± 95% CI.  
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4.1.2 Performance developments 

The progression in distance and sprint FIS points from age 16 to 22 

years old are presented in Figure 7. Both distance and sprint points 

decreased significantly throughout the study period (p < .050). 

Distance points decreased by ~ 65% (14.2 ± 0.8 points·y-1) while sprint 

points decreased by ~ 55% (19.0 ± 2.1 points·y-1). Thus, indicating that 

the athletes increased their performance level. 
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Figure 7. Progression in performance level from age 16 to 22 years (y) old represented 

by FIS points. (A) distance and (B) sprint competitions. Closed circles and whiskers: 

mean ± 95% CI.  
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Both total annual training volume and age had a positive effect on 

distance performance, while age, but not total annual training 

volume, positively influenced sprint performance (Table 4). 

Table 4. Fixed-effects estimates (B) with 95% confidence intervals (CI), standard 

errors (SE), and p values for the effects of total training volume and age on 

performance level represented by FIS points for distance and sprint competitions. 

 B 95% CI SE B p cR2 mR2 

FIS distance points     .82 .49 

 Intercept 162.25 135.68, 188.86 13.62 < .001   

 Age -9.68 -13.68, -6.17 1.79 < .001   

 Total training 

 volume 
-0.08 -0.14, -0.03 0.03 < .001 

  

FIS sprint points     .82 .33 

 Intercept 208.75 153.69, 261.62 26.53 < .001   

 Age -17.67 -25.02, -10.34 3.70 < .001   

 Total training 

 volume 
-0.03 -0.14, 0.09 0.06 .643 

  

Abbreviations: cR2 = conditional R2; mR2 = marginal R2. 
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4.1.3 Self-reported illness episodes in developing 
XC skiers 

The skiers reported a median (range) of 3 (0–8) episodes and 17 (0–80) 

days of illness per year. The average duration of illness episodes was 4 

(1–60) days, with the most commonly reported reason being symptoms 

of upper respiratory tract infections (URTIs). The incidence of self-

reported illness episodes was higher at age 16 to 19 years old compared 

with 19 to 22 years old (3.9 vs. 3.1 episodes per person-year, p = .033). 

By contrast, neither the average duration of illness episodes nor the 

total number of illness days differed between the younger and older 

skiers. 

Incidence rate ratios of self-reported illness across training phases and 

seasons are displayed in Figure 8. The regeneration phase was 

associated with a higher rate of self-reported illness episodes than the 

general preparation phase (1.4 vs. 0.9 episodes per 100 person-days, p 

= .009), while there were no differences in incidence between the other 

training phases or seasons (all p > .200). 



 

51 

 

Figure 8. Incidence rate ratios with 95% CIs comparing incidence across training 

phases and seasons. (A) training phases, comparing the specific preparation (SP), 

competition (CP), regeneration (RP), and transition phase (TP) to the general 

preparation phase (GP, referent category), and (B) seasons, comparing the spring, 

autumn, and winter to the summer (referent category). * significantly different from the 

respective referent category (p < .050).  
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The relationships between the annual number of self-reported illness 

days and LIT volume, HIT volume, and age are presented in Table 5. 

The number of self-reported illness days decreased with increasing LIT 

and HIT, but increased with age. In addition, there was a negative 

association between the annual number of self-reported illness days 

and total annual training volume as shown in Figure 9.  



 

53 

Table 5. Fixed-effects estimates (B) with 95% confidence intervals (CI), standard 

errors (SE), and p values for the effects of low-intensity training (LIT) volume, high-

intensity training (HIT) volume, and age on number of self-reported illness days. 

 B 95% CI SE B p cR2 mR2 

Illness days     .41 .21 

 Intercept 55.27 39.49, 71.11 8.13 < .001   

 LIT -0.05 -0.10, -0.03 0.02 .001   

 HIT -0.14 -0.26, -0.02 0.06 .023   

 Age 2.29 0.27, 4.31 1.04 .031   

Abbreviations: cR2 = conditional R2; mR2 = marginal R2. 

 

 

Figure 9. Association between self-reported illness days and total annual training 

volume rrm = -.34; 95% CI [-.51, -.13]; p = .002). 
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4.2  Study II: Health problems in national 
team cross-country skiers over a 
competitive season: a 17-week 
prospective cohort study 

4.2.1 Response rate 

The average weekly response rate for all skiers was 92% ± 7%. There 

was no significant difference in average weekly response rate between 

senior and development level skiers. By contrast, the average weekly 

response rate was higher in female compared with male skiers (94% ± 

8% vs. 90 ± 7%, respectively; p = .042). Weekly response rates to the 

OSTRC-H2 for all, female, and male skiers are shown in Figure 10. 

 

 

Figure 10. Weekly response rate (%) to the Oslo Sports Trauma Research Center 

Questionnaire on Health Problems (OSTRC-H2) for all (filled grey), female (solid line), 

and male (dashed line) skiers over the 17-week competitive season.  
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4.2.2 Prevalence of health problems throughout 
the competitive season 

During the 17-week competitive season, 51 health problems were 

reported by 31 skiers, including 37 illness episodes, 10 acute injuries, 

and 4 overuse injuries. Sixteen skiers reported 1 problem, 10 skiers 

reported 2 problems, and 5 skiers reported 3 problems. Of all reported 

problems, 36 were categorized as substantial. 

Weekly prevalence of all and substantial health problems, including 

acute injuries, overuse injuries, and illnesses in all, senior team, 

development level, female, and male skiers are shown in Figure 11. As 

highlighted in Table 6, all and substantial injuries were more prevalent 

in senior vs. development level skiers, the mean weekly prevalence 

being 6% vs. 2% (p < .001 and p = .011, respectively). Related to this, 

both all and substantial overuse injuries were more prevalent in senior 

than development level skiers (p = .026 and p < .001, respectively). By 

contrast, illnesses were less prevalent in senior (average weekly 

prevalence 8%) when compared to development level skiers (average 

weekly prevalence 13%; p = .031). Regarding sex differences, both all 

(male 15%, female 23%) and substantial (male 10%, female 14%) health 

problems were more prevalent in female than male skiers (p = .003 and 

p = .014, respectively) as was all (male 7%, female 4%) and substantial 

male 6%, female 11%) illnesses (p = .008 and, p = .024, respectively). 
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4.2.3 Total time loss, severity of health problems, 
injury locations, and illness symptoms 

Total time loss, weekly severity score, and cumulative severity score 

for all health problems, acute injuries, overuse injuries, and illnesses 

are displayed in Table 7. Injuries were primarily located in the lower 

body (e.g., pelvis, hip/groin, or knee; Table 8). The most common 

illness symptoms were sore throat, blocked nose/running 

nose/sneezing, and headache, constituting 59%, 46%, and 22% of all 

reported illness episodes, respectively (Table 8). In total, 84% of the 

reported illness episodes included symptoms indicative of RTIs. 

 

Table 7. Total time loss, weekly severity score, and cumulative severity score for all 

health problems, acute injuries, overuse injuries, and illnesses over the 17-week 

competitive season. 

 All health 

problems 

Acute 

injuries 

Overuse 

injuries 
Illnesses 

Total time loss (days) 4 (3–5) 2 (0–4) 2 (-1–5) 5 (4–6) 

Average weekly 

severity score 
62 (55–69) 39 (27–51) 42 (23–61) 71 (63–79) 

Cumulative severity 

score 
131 (97–165) 146 (22–270) 153 (-16–322) 124 (88–160) 

Data are shown as mean (95% confidence interval). 
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Table 8. Overview of reported injury locations and illness symptoms. 

 All skiers Senior Development Female Male 

Acute injuries      

 Total problems 10 5 5 3 7 

 Hand 2 (20%) - 2 (40%) 1 (33%) 1 (14%) 

 Hip/groin 2 (20%) 1 (20%) 1 (20%) 1 (33%) 1 (14%) 

 Lower back 2 (20%) 1 (20%) 1 (20%) - 2 (29%) 

 Pelvis 2 (20%) 2 (40%) - - 2 (29%) 

 Chest/ribs/upper back 1 (10%) - 1 (20%) - 1 (14%) 

 Knee 1 (10%) 1 (10%) - 1 (33%) - 

Overuse injuries      

 Total problems 4 3 1 3 3 

 Hip/groin 2 (50%) 2 (67%) - - 2 (67%) 

 Foot 1 (25%) 1 (33%) - - 1 (33%) 

 Pelvis 1 (25%) - 1 (100%) 1 (100%) - 

Illnesses      

 Total problems 37 14 23 17 20 

 Sore throat* 22 (59%) 9 (64%) 13 (57%) 8 (47%) 14 (70%) 

 Blocked nose/running 

 nose/sneezing* 
17 (46%) 7 (50%) 10 (43%) 6 (35%) 11 (55%) 

 Headache 8 (22%) 3 (21%) 5 (22%) 3 (18%) 5 (20%) 

 Cough* 7 (19%) 4 (29%) 3 (13%) 3 (18%) 4 (15%) 

 Swollen glands 6 (16%) 2 (14%) 4 (17%) 3 (18%) 3 (15%) 

 Fever* 5 (14%) 1 (7%) 4 (17%) 2 (12%) 3 (15%) 

 Fatigue/malaise 3 (8%) 1 (7%) 2 (9%) 2 (12%) 1 (5%) 

 Abdominal pain 1 (3%) - 1 (4%) 1 (6%) - 

 Anxiety 1 (3%) 1 (7%) - 1 (6%) - 

 Breathing 

 difficulty/tightness 
1 (3%) 1 (7%) - 1 (6%) - 

 Chest pain/angina 1 (3%) 1 (7%) - 1 (6%) - 

 Depression/sadness 1 (3%) 1 (7%) - 1 (6%) - 

 Diarrhea 1 (3%) - 1 (4%) 1 (6%) - 

 Ear symptoms 1 (3%) 1 (7%) - - 1 (5%) 

 Irregular pulse/arrythmia 1 (3%) - 1 (4%) 1 (6%) - 

 Nausea 1 (3%) - 1 (4%) 1 (6%) - 

 Other pain 1 (3%) 1 (7%) - 1 (6%) - 

 Vomiting 1 (3%) - 1 (4%) 1 (6%) - 

Data are shown as absolute numbers (%). 

* symptoms indicative of respiratory tract infections.21 



 

60 

4.3 Study III: Monitoring acclimatization and 
training responses over 17–21 days at 
1800 m in elite cross-country skiers and 
biathletes 

4.3.1 Daily monitoring at altitude 

Daily measures during the training camp are displayed in Figure 12. 

There was a significant effect of time modeled as a continuous variable 

for BM, Rec, stress, and (all p < .050). By contrast, there was no effect of 

time modeled as a continuous variable for SpO2rest, HRrest, USG, or UC. 

When time was modeled as a discrete variable (i.e., when the measures 

were compared to day 1 at altitude) there was a significant effect of 

time for HRrest, BM, USG, UC, Rec, and [U] (all p < .001). By contrast, 

there was no effect of time modeled as a discrete variable for SpO2rest 

(p = .278) or stress (p = .115). Mean within-subject CVs for the daily 

measures ranged from 0.4%–69.0% (Table 9).  
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Figure 12. Daily (mean ± SD) (A) resting peripheral oxygen saturation (SpO2rest); (B) 

resting heart rate (HRrest); (C) body mass; (D) urine specific gravity (USG); (E) urine 

color (UC); (F) overall recovery; (G) overall stress; and (H) blood urea nitrogen 

concentration ([U], biathletes only) during the training camp. Full circles, all participants; 

red circles, women; blue circles, men. Shaded areas indicate biathletes only. 

*Significant effect of time modeled as a discrete variable (i.e., in relation to day 1 of the 

camp; p < 0.050).  
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Table 9. Mean and standard deviation (SD) within-subject coefficient of variation 

(CV, in %) for the daily measures. 

 Mean SD 

SpO2rest 1.0 0.8 

HRrest 7.2 5.1 

Body mass 0.8 0.5 

USG 0.4 0.3 

Urine color 23.7 18.3 

Overall recovery 17.9 13.4 

Overall stress 69.0 118.8 

[U] 21.1 14.3 

Abbreviations: HRrest = resting heart rate; SpO2rest = resting oxygen saturation; [U] 

= blood urea nitrogen concentration; USG = urine specific gravity 

 

4.3.2 Response to submaximal exercise at altitude 

SpO2work, HRwork, [La-]work, and RPEwork measured at baseline and during 

the three weekly tests at altitude are displayed in Figure 13. SpO2work 

was significantly lower at all time points at altitude compared to 

baseline, with mean differences of -3.5%, -2,6%, and -2.8% at weeks 1, 

2, and 3, respectively (all p < 0.001). By contrast, there were no 

significant differences between week 1, 2, and 3 at altitude. RPEwork was 

significantly higher in week 1 (11 [9–14], p = .037) and week 3 (11 [7–

14], p = .010) compared to baseline (10 [6–13]). By contrast, the 

difference in RPEwork between baseline and week 2 was not significant 

(p=.104). Neither were there any significant differences between week 

1, 2, and 3 at altitude (all p > .050). HRwork and [La-]work did not 

significantly change from baseline to altitude or when measured at 

altitude (p = .123 and p = .114, respectively).
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Figure 13. Mean ± SD (A) arterial oxygen saturation (SpO2work); (B) relative heart rate 

(HRwork); (C) blood lactate concentration [La−]work; and median ± IQR (D) rating of 

perceived exertion (RPEwork) during the 5-min submaximal cycling test at baseline (i.e., 

near sea level) and on three weekly occasions during the training camp (i.e., at 1,800 

m). Red circles, women; blue circles, men. *Significantly different from baseline (p < 

0.050). 

 

4.3.3 Illness in relation to altitude training 

In total, 15 illness episodes were reported by 15 different athletes (8 XC 

skiers, 7 biathletes). Ten episodes were reported during the altitude 

training camp, of which four resulted in the athlete returning home 

from the camp early (3 XC skiers, 1 biathlete). The five remaining 

episodes were reported in the first week after the camp (2 XC skiers, 3 

biathletes). Eleven of the 15 illness episodes were reported ≤ 4 days 

after the outbound or homebound flight. Median (range) training time 
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lost was 2 (0–9) days·episode-1. The most common symptoms reported 

were indicative of RTIs (i.e., blocked or runny nose, fever, sneezing, 

sore throat; 8 episodes) or GIIs (i.e., abdominal pain, diarrhea, nausea; 

6 episodes). One episode of unspecific symptoms (i.e., swollen glands, 

fatigue/malaise) was reported. 

4.3.4 Body composition changes in relation to 
altitude training 

The changes in lean mass (0.3, 95% CI [-0.2, 0.8]), fat mass (0.2 kg, 95% 

CI [-0.2,0.5]), and total BM (0.1kg, 95% CI [-0.1, 1.0]) from before to after 

the camp were not significant (all p >.050; Figure 14). Neither were 

there any significant differences in BM and body composition between 

the XC skiers and biathletes (all p > .050).  
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Figure 14. Mean ± SD (A) lean mass; (B) fat mass; and (C) total body mass before 

and after the training camp. Red lines, women; blue lines, men. 



 

66 

4.3.5 Performance effect of altitude training 

Speed@4mmol did not increase among the biathletes from before to after 

the camp (p = .410, Figure 15). However, removing the four biathletes 

who became ill during or immediately after the camp from the analysis 

revealed a significant increase in Speed@4mmol for the remaining five 

athletes (median (range), 4.2% (2.2–5.3), p = .031). 

 

 

Figure 15. Individual changes (%) in speed at a lactate concentration of 4 mmol·L-1 

(Speed@4mmol) from before to after the training camp (n = 9 biathletes). Red lines: 

women; blue lines: men; solid lines: illness-free athletes; dashed lines: athletes who 

suffered an illness during or immediately after the camp; closed circle and whiskers: 

mean ± SD of the illness-free athletes. * Significantly different from before the training 

camp (n = 5 illness-free athletes; p < .050). 
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4.4 Study IV: Changes in the metabolic 
profiles of highly-trained endurance 
athletes in response to high-intensity 
exercise 

Twenty-four out of 26 metabolites were detected and quantified 

through the targeted GC-MS analysis. A further 44 metabolites were 

identified through the untargeted GC-MS analysis. Through the 

untargeted LC-MS analysis, 82 metabolites were identified in negative 

ionization mode and 196 in positive ionization mode. Twenty-nine 

metabolites were detected twice via different analytic approaches: 13 

with both the targeted GC-MS and untargeted LC-MS analysis, 15 with 

both the untargeted GC-MS and LC-MS analysis, and one with both 

the positive and negative mode with the untargeted LC-MS analysis. 

Women and men could be differentiated based on their resting 

metabolic profiles (R2 = 0.957, Q2 = 0.667, p = .003). In addition, acute 

changes in the metabolic profile in response to the standardize exercise 

testing session could distinguish between athletes in the high and low 

[La-]post groups (R2 = .900, Q2 = .663, p < .001), high and low sprint 

performance groups (R2 = .890, Q2 = .557 p = .025), and the S and NS 

groups (R2 = .916, Q2 = .617, p = .013). The top 20 metabolites 

contributing to the discriminations and a summary of significantly 

different metabolic pathways between groups are displayed in Figure 

16, 17, 18, and 19. 
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Figure 16. Multivariate analysis of women vs. men at rest. (A) Top 20 metabolites 

contributing to the separation in the OPLS-DA based on variable influence on 

projection (VIP) scores. (B) Summary plot for the quantitative enrichment analysis. 

Raw p-values are indicated by the color gradient. * significant after false discovery rate 

correction.  
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Figure 17. Multivariate analysis of high vs. low post-exercise blood lactate groups. (A) 

Top 20 metabolites contributing to the separation in the OPLS-DA based on variable 

influence on projection (VIP) scores. (B) Summary plot for the quantitative enrichment 

analysis. Raw p-values are indicated by the color gradient. * significant after false 

discovery rate correction.  
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Figure 18. Multivariate analysis of high and low sprint performers. (A) Top 20 

metabolites contributing to the separation in the OPLS-DA based on variable influence 

on projection (VIP) scores. (B) Summary plot for the quantitative enrichment analysis. 

Raw p-values are indicated by the color gradient. * significant after false discovery rate 

correction.  
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Figure 19. Multivariate analysis of ill (athletes reporting two or more illness episodes) 

vs. non-ill (athletes reporting one or less illness episodes) at rest. A) Top 20 

metabolites contributing to the separation in the OPLS-DA based on variable influence 

on projection (VIP) scores. B) Summary plot for the quantitative enrichment analysis. 

Raw p-values are indicated by the color gradient. 

 

Differences in the resting metabolic profile and changes from rest to 

post exercise could not differentiate between athlete groups 

distinguished by TT performance, absolute or relative V̇O2peak, speed, 

and %V̇O2peak corresponding to a [La-] of 2 and 4 mmol·L−1, and distance 

skiing performance (i.e., according to FIS points). In addition, the 

resting metabolic profile could not separate between athletes in the 

high and low [La-]post, high and low sprint performance (i.e., according 

to FIS rankings), and N and NS groups, nor could changes from rest to 

post exercise separate between women and men.
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5 Discussion 

5.1 Training characteristics of developing 
cross-country skiers 

The accumulation of high training volumes is a common factor among 

top senior, elite-level XC skiers.17,49,57,58,62,124 From the age of 16 to 22 

years old, the athletes in Study I progressively increased their annual 

endurance training volume by ~ 56 h·y-1, from ~ 470 h at age 16 to ~ 730 

h at age 22 years old. This latter figure is comparable to other reports 

of endurance training volumes in senior, elite-level XC skiers,17,49,56-

58,60,124 and has also been reported as “sufficient” to achieve 

international success at Olympic, World Championship, and World 

Cup levels.17,62 However, at the age of 22 years old the mixed-sex cohort 

of skiers in Study I still performed ~ 100 h less endurance training than 

the training volumes previously reported for truly world-class female 

XC skiers who have consistently performed at the very highest 

international level.60,62 Specifically, it was not until the world’s most 

successful female XC skier reached annual endurance training 

volumes in excess of 800 h that she performed consistently at a world-

class level in both distance and sprint races, despite having previously 

performed at a world-class level in sprint skiing with annual training 

volumes of ~ 700 h.62 Hence, the data in Study I suggest that the skiers 

observed appeared to have reached a volume of endurance training 

within the analyzed period that would be sufficient to perform at an 

elite senior level in XC skiing, but that a further increase in endurance 

training volume may be necessary to produce stable and consistent 

results that enable success at a top world-class level. 

The skiers in Study I progressively increased their annual endurance 

training volume in a linear fashion throughout the 7-year observation 
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period. By contrast, Solli et al.62 previously reported that the world’s 

most successful female XC skier increased her training volume in a 

non-linear fashion from age 20 years old until her most successful 5-

year competitive period. Similarly, Pinot and Grappe135 reported that a 

top-10 cycling Grand Tour finisher increased his training volume in a 

non-linear fashion, with a 60% increase from age 18 to 20 years old 

followed by a 10% increase from age 20 to 23 years old. However, data 

presented by Rusko63 indicates that a group of Finnish XC skiers, who 

all later represented the Finnish national XC ski team, increased their 

weekly training distance (including running, skiing, roller skiing, and 

ski walking) in a linear fashion from age 16 to 24 years old. While the 

existing data indicate that a gradual increase in training volume is 

beneficial, further research is needed to determine the mechanisms 

underpinning rates of progression in developing athletes. 

The absolute volume of LIT increased by more hours per year than HIT 

throughout the observed period. However, the proportions of LIT and 

HIT remained stable at around 90:10. By age 22 years old the 

participants in our study were performing ~ 670 h of LIT, which is 

comparable to world-class female and male XC skiers who have been 

reported to perform ~ 650 h of LIT.17,62 Moreover, two previous studies 

have reported that world-class male and female skiers performed ~ 

30% more LIT than their national-level counterparts.60,61 In addition, 

the most successful female XC skier performed the highest proportion 

of LIT (~ 780 h) during her most successful years.62 It has therefore been 

suggested that extensive LIT contributes to the superior aerobic 

capacity and performance of world-class XC skiers.60,61 Hence, focusing 

on gradually developing the tolerance for large volumes of LIT seems 

important for attaining the top level in XC skiing. 
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While HIT accounted for a relatively small proportion of the total 

annual endurance training volume (~ 10%), HIT is regarded as vital for 

inducing and maintaining specific physiological adaptations and 

improving performance in highly-trained endurance athletes.136-138 

Importantly, HIT requires athletes to recreate the muscle activation 

patterns that occur at increased exercise intensities, and are therefore 

specific to competition demands, which is necessary as these patterns 

change with exercise intensity in XC skiing.139 Moreover, the recovery 

time required after HIT sessions is longer than that of LIT sessions 

because of, for example, greater disturbances in the autonomic nervous 

system balance after HIT sessions.140 Thus, increasing the amount of 

HIT will compromise the amount of LIT that can be performed. Hence, 

it has been suggested that highly-trained endurance athletes should 

focus on improving or maintaining the quality of their HIT sessions, 

rather than increasing the number and/or duration of the HIT sessions, 

given the apparent importance of attaining a high volume of LIT in 

these individuals.49 

The relative proportion of sport-specific training (i.e., skiing and roller 

skiing) increased from ~ 65% to ~ 75% of the total annual endurance 

training volume throughout the 7-y observation period in our study. 

Previous studies of senior elite-level XC skiers have reported that ~ 

65% of the total annual training volume (endurance and sprint) is sport 

specific.17,62 Study I only included endurance training in the calculation 

of specific and non-specific training volumes. Thus, differences in 

reporting practices may have contributed to the observed differences 

between our study and previous work. However, an increase in the use 

of roller skis and a greater emphasis placed on upper-body strength 

and endurance training over the last decades44 might also explain some 

of the discrepancies. In addition, the environment in which skiers live 
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may be a relevant factor, with skiing on- and off-snow potentially more 

accessible (e.g., in terms of weather, traffic, road surfaces, etc.) to some 

individuals or training groups. Indeed, the majority of the athletes in 

our study had year-round access to a roller-ski track and a ski stadium, 

good road surfaces with relatively little traffic, and snow throughout 

the winter months, making sport-specific training highly accessible. 

Despite this apparent advantage, a relatively large volume of non-

specific endurance training has been suggested as an important factor 

facilitating high overall training volumes in elite XC skiers,17,60,62 where 

varying the load on different muscle groups may potentially reduce 

the risk of injuries.60 

While it was possible to analyze all the endurance training data in 

Study I, other forms of training, such as strength and speed, could not 

be analyzed due to a lack of consistent reporting. For example, while 

some athletes recorded the total time of different types of strength 

training (i.e., specific, general, or heavy), other athletes only recorded 

completed sessions. The SSF has provided a detailed description of 

how to report endurance training data for athletes and coaches.118 

However, less detailed information is available on how to report 

strength training. Thus, differences in reporting routines might be a 

result of differences in the emphasis on these training forms from 

different coaches, teams, and/or schools. 

Previous investigations have demonstrated that training forms other 

than endurance training comprise ~ 6–10% of the total annual training 

volume performed by senior elite-level XC skiers17,57,58,62 and that 

world-class skiers perform a larger amount of both strength and speed 

training compared to national-level skiers.60,61 It has been speculated 

that, for elite XC skiers who perform high volumes of endurance 

training, strength and speed training serve as essential stimuli to 
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develop and maintain muscle mass and power.49,62 However, results 

from experimental studies investigating the effects of strength training 

on XC skiing performance are equivocal, demonstrating both 

improvements141,142 and no effect143,144 on performance. Hence, further 

investigations of the effects of strength training on XC ski performance 

are warranted. In addition, while some recent studies have reported 

on the amount and content of strength and speed training in senior XC 

skiers,57,58,62 there is still a lack of detailed descriptions of strength and 

speed training routines of developing XC skiers. 

5.2 Health problems in cross country ski 
athletes 

5.2.1 Illness in developing skiers 

The skiers in Study I reported, on average, 3 (0–8) illness episodes per 

year across the 7-year observation period. The incidence of self-

reported illness episodes was, however, slightly higher at age 16 to 19 

years old (~ 4 episodes per year) compared to 19 to 22 years old (~ 3 

episodes per year). Only two previous studies have investigated the 

incidence of illness in athletes across multiple seasons; hence little data 

exists for comparison. However, the findings in Study I are comparable 

to previous reports of both senior elite-level XC skiers (i.e., 3–4 

episodes of RTIs and/or GIIs),21 and elite swimmers (4 episodes of all-

cause physician-verified illness episodes per year).81 Comparing non-

specific illness episodes reported in Study I with RTIs and GIIs 

reported by Svendsen et al.,21 and all-cause illness reported by Hellard 

et al.81 seems reasonable, given that RTIs and GTIs are the most 

commonly-reported symptoms in athletes. For example, ~ 96% of 

illness episodes reported by Hellard et al.81 were either URTIs or 

pulmonary infections. Our findings in Study II and Study III also 

support this notion, with 84% and 54% of the reported illness episodes, 
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respectively, including symptoms indicative of RTIs. The incidence in 

Study I is also comparable to that reported in the general population, 

who typically experience 2–4 URTIs145,146 and 0.3–0.4 acute GIIs147 year-

1. There were no statistically significant differences in the reported 

duration of illness episodes or the total number of illness days per year 

between the junior and senior skiers in Study I. These results are similar 

to those previously reported for senior elite-level skiers.21 Hence, it 

seems reasonable to conclude that the frequency of illness episodes in 

this group of developing XC skiers is not markedly different from the 

frequency for either senior elite-level athletes or the general population. 

It could be speculated, however, that this is a result of the skiers being 

more cautious about how they behave to avoid becoming sick (e.g., 

they are more conscious about hygiene practices and avoiding crowds) 

and that they are, in fact, at a greater risk of contracting an illness 

compared to the general population. 

Study I also showed that higher training volumes were associated with 

lower numbers of self-reported illness days (Figure 9). These results 

are in accordance with the results presented by Mårtensson et al.,148 

who reported a significant negative correlation between total annual 

training volumes and self-reported illness days in a mixed group of 

elite endurance athletes. In contrast, several other studies have 

reported positive associations between the incidence of URTIs and 

training volume,149,150 lending support to the notion of a “J-shaped” 

relationship proposed by Nieman.151 One possible explanation for this 

discrepancy might be differences in the applied methods. While both 

the present study and Mårtensson et al.148 included all types of illness 

episodes, Gleeson et al.149 and Spence et al. 150 only included URTIs. 

Nevertheless, neither the present data, nor those reported by 

Mårtensson et al.,148 support the hypothesis of a “J-shaped” 
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relationship between the incidence of illness and training volume. 

Several authors have questioned whether such a relationship exists 

(e.g., Campbell & Turner152 and Malm153). As an alternative, Malm153 

has suggested that the relationship between training volume and 

number of illness episodes follow an “S-shaped”, whereby a robust 

immune system that can endure the physiological and psychological 

loads imposed on elite athletes is probably a necessity to reach the 

large training volumes required for success in elite endurance sports.153 

In contrast to previous findings in elite endurance athletes, there was 

no differences in the incidence of self-reported illness between the four 

seasons in Study I. Svendsen et al.21 and Hellard et al.81 have previously 

reported a higher risk of reporting symptoms of acute infections in the 

northern hemisphere winter months (i.e., September to March) in XC 

skiers and swimmers, respectively. Our results are also in contrast to 

the seasonal patterns of URTIs reported in the general population, 

which occur with a higher incidence in the winter months.145,146 One 

explanation for this discrepancy might be that the skiers in the present 

study traveled less by airplane compared to senior elite-level XC skiers. 

This is especially true during the competition period in the winter 

months when most of the competitions in their age categories were 

performed in Sweden during the earlier part and within Scandinavia 

in the latter part of the 7-year observational period. Another 

explanation might be that senior elite-level XC skiers have a more 

condensed competition schedule. Both international air travel and 

condensed competition periods have previously been associated with 

a significant increase in the risk of reporting symptoms of illness in XC 

skiers.21,22 
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5.2.2 Health problems during the competitive 
season 

5.2.2.1 Health problems in general 

Clarsen et al.121 and Moseid et al.154 have reported the average weekly 

prevalence of health problems in mixed groups of endurance athletes 

to be 30% and 38%, respectively. These proportions are somewhat 

higher than the 19% observed in our study and could potentially reflect 

the relatively low risk of injury in XC skiing compared to other 

sports.89-91 Indeed, injury prevalence reported by Clarsen et al.121 and 

Moseid et al.154 was approximately twice that reported for our skiers 

(17% and 15% vs. 8%, respectively). Alternatively, the disparate injury 

prevalence may be explained by differences in the performance levels 

of the athletes (i.e., Norwegian athletes with the potential to qualify for 

the 2012 Olympic or Paralympic Games in Clarsen et al.121 vs. all 

national team skiers in our study) or the age of the participants (i.e., 

average age of ~ 16 years in Moseid et al.154 vs. ~ 23 years in our study). 

In a previous study, von Rosen et al.93 reported an average weekly 

prevalence of illnesses of 14.6% in a mixed-sex group of highly-trained 

XC skiers attending sports academy high schools in Sweden. This is 

slightly higher than the average weekly illness prevalence observed in 

Study II (11%), but considerably lower than the 23% prevalence 

reported in a mixed-sex group of elite adolescent endurance athletes 

attending similar schools in Norway.154 In Study II, the average weekly 

prevalence of illnesses was also lower than that reported for 

Norwegian female and male endurance athletes preparing for the 2012 

Olympic and Paralympic Games (16%).121 While all four studies used 

the same methodological approach (i.e., the OSTRC questionnaire28), 

differences in the age of the participants (e.g., 16 to 19 years in von 

Rosen et al.93 vs. 18 to 31 years in the present study), performance level 
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(e.g., elite senior121 vs. elite junior93,154), and a mixture of endurance 

sports121,154 may explain the inconsistent results. However, based on the 

present results it seems reasonable to expect that at least one out of ten 

skiers will be affected by an illness in any given week. 

Illnesses were the most common health problem, accounting for 72% 

of all reported problems. The observation that symptoms indicative of 

RTIs accounted for the majority (84%) of the illness episodes in XC 

skiers, is consistent with previous studies on both XC skiers,22,93 and 

athletes in general.82-87 For example, RTIs accounted for 62%–87% of all 

illnesses reported during the OWG82,85,86 and WYOG83,84,87 and ~ 96% of 

illnesses reported by elite swimmers over a 4-year period.81 

5.2.2.2 Health problems in senior vs. development level skiers 

While the prevalence of all health problems combined were similar in 

senior and development level skiers, the results in Study III showed 

that the prevalence of all and substantial injuries were higher in the 

senior compared with the development level skiers (7% vs. 0% and 3% 

vs. 0%, respectively). As well as differing by performance level, these 

two groups also differed in average age (26.0 vs. 20.5 years, 

respectively). However, data from the OWG and WYOG suggest that 

the proportion of injured athletes are the same in both events (3.1%–

7.7% vs. 3.1%–7.3%, respectively), despite a considerable age 

difference between participating athletes (average age: ~ 26 years vs. ~ 

16 years, respectively).82-87 Thus, differences in training volumes rather 

than age may explain the group differences observed in our study, as 

former investigations report that senior elite-level XC skiers complete 

greater training volumes than development level XC skiers.60 Senior 

athletes may therefore be more susceptible to injuries than junior 

athletes.19 However, a potential causal link between high training 

volumes and increased injury risk has not been established.19 
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Data from OWG and WYOG indicate that the occurrence of illnesses is 

broadly similar during these two events (7.0%–13.8% vs. 10.3%–14.0%, 

respectively).82-87 This is consistent with the findings of other 

investigators who have reported that age was not a significant 

predictor of RTIs or GIIs in national senior and development XC team 

skiers.21 By contrast, Study II showed illnesses to be less prevalent in 

senior compared with development team skiers (8% vs. 13%, 

respectively), and in accordance with this, the incidence of self-

reported illness episodes was higher at 16 to 19 years old (~ 4 episodes 

per year) compared to 19 to 22 years old (~ 3 episodes per year) in Study 

I. The reduced occurrence of illnesses observed in our studies can 

potentially be explained by the fact that the senior team skiers were 

full-time professional athletes, while most of the development team 

skiers were semi-professionals and were likely to be exposed to more 

non-training stressors such as educational studies and paid work.60,155 

The opportunity for recovery may also have been diminished in this 

group.60 Moreover, the senior team skiers’ access to superior support 

(e.g., sports nutritionists, physiotherapists, physicians) might have 

been of importance. 

5.2.2.3 Health problems in female vs. male skiers 

Study II showed that health problems were more prevalent in female 

(23%) than male (15%) skiers. This was primarily due to more illnesses 

(Table 6) reported by the female athletes. This is consistent with reports 

from the WYOG.83,84,87 Other studies, however, have reported no 

differences between sexes,21,93 or fewer illnesses in female skiers.22,82,85,86 

On the other hand, there was no differences in the injury prevalence 

between female and male skiers (Table 6). This is consistent with data 

from OWG, WYOG, and FIS World Cup events.82-87,94 Other 

investigators reporting average weekly injury prevalence over 
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complete training seasons in XC skiers attending sports academy high 

schools in Sweden found that the average weekly prevalence of all and 

substantial injuries was significantly higher in female compared with 

male XC skiers.31,93 The inconsistent results concerning both injuries 

and illnesses can probably be explained by differences in the duration 

of registration periods, time of year, training phase, age of participants, 

study design (i.e., retrospective vs. prospective), and/or definitions of 

injuries and illnesses (i.e., time loss, medical attention, types of 

complaint). Hence, while the results in our study indicate that female 

skiers are at a greater risk of experiencing health problems than their 

male counterparts, more studies using a common methodological 

framework, such as the OSTRC-H2,28,121 are needed to fully understand 

the potential effects of sex on the occurrence of health problems in elite 

XC skiers. 

5.2.3 Illness in relation to altitude training 

In our Study I, 11 out of 15 illness episodes were reported within four 

days of the outbound or homebound flight. The symptoms were 

primarily indicative of RTIs or GIIs (8/15 and 6/15 cases, respectively). 

This was in agreement with the observations in Study II as well as with 

other investigations reporting that RTIs and GIIs are the main causes 

of illness in elite XC skiers and athletes.81-87 Svendsen et al. 21 reported 

that international air travel was the single largest risk factor for 

reporting symptoms of acute infections (i.e., RTIs and GIIs) in a group 

of Norwegian national team XC skiers, with athletes approximately 

five times more likely to report symptoms the day after air travel 

compared with a regular training day. Similarly, Schwellnus et al. 20 

reported a two- to threefold increase in the risk of illness following 

international air travel to a destination more than five time zones from 

the athletes’ home country. Thus, our findings support these previous 
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observations and underline the importance of good traveling routines 

to minimize the risk of illness in association with international air 

travel, in general, but specifically in relation to altitude training 

camps.156,157 The high proportion (~ 45%) of athletes becoming ill 

during or after the altitude camp in our study raises the question of 

whether the risk of illness outweighs the potential performance 

benefits, or whether the use of home-based simulated altitude 

exposure may be preferable. 

5.2.4 Changes in the metabolic profile distinguish 
differences in illness susceptibility 

To the best of our knowledge, we are the first group to investigate 

whether changes in the metabolic profile in response to a standardized 

exercise stimulus can differentiate illness susceptibility in highly-

trained endurance athletes and the second group to investigate links 

between the metabolome and illnesses in athletes after Cuthbertson et 

al.105 In the present study, athletes in the S and NS group (i.e., athletes 

experiencing ≤ 1 vs. ≥ 2 illness episodes throughout the 33-week study 

period, respectively) could be differentiated based on the changes in 

their metabolic profiles in response to the standardized exercise testing 

session. The five most important contributors to the separation of S and 

NS were glucose-6-phosphate, squalene, deoxycholic acid, sorbitol, 

and beta-alanine. In contrast, there were no significant differences 

between the groups according to the enrichment analysis. 

In the present study, the S and NS athletes could not be distinguished 

based on their resting metabolic profiles. This is in contrast to the 

findings of Cuthbertson et al.,105 which showed that the resting plasma 

metabolic profiles differed between highly-susceptible compared to 

non-susceptible athletes, defined as athletes experiencing ≥ 4 vs. ≤ 3 

RTIs in the 18-month study period, respectively. Other explanations 
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for the divergent results might be the relatively small sample size of 

the present study (n = 23), which may have led to true positive results 

being missed due to insufficient statistical power. Other explanations 

might include the low threshold for inclusion in the S group (2 illnesses 

in 18 months) in the present study or that different sampling materials 

were used (i.e., capillary whole blood in the present study vs. venous 

plasma in the Cuthbertson et al.105 study). Nevertheless, being able to 

identify athletes susceptible to illness from resting samples alone 

would be beneficial from a practical standpoint, as it would be easy to 

implement without interrupting the athletes’ routines. Thus, further 

research is warranted to elucidate whether the resting metabolic 

profile can be used for this purpose. 

5.3 Relating training to performance 

5.3.1 Performance development in XC skiers 

Physical and physiological developments in athletes aged 16 to 24 

years old have been documented in the literature for XC skiers63,122,158 

and other endurance athletes such as cyclists135 and rowers.159 However, 

Study I is the first to have documented the longitudinal changes in 

sport-specific performance in a group of young, developing XC skiers. 

The study showed that the performance level (assessed by FIS points) 

in both distance and sprint competitions improved linearly during the 

7-year observation period, when the athletes transitioned from junior 

to senior level skiers. While the improvement in distance performance 

was related to an increase in both age (by ~ 10 points·y-1) and 

endurance training volume (by ~ 10 points·100 h-1), the improvement 

in sprint performance was only related to an increase in age (by ~ 18 

points·y-1). A possible explanation for this discrepancy could be that 

the current models only incorporate endurance training volume, 
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whereas a more detailed analysis of sprint and strength training may 

be required for the accurate prediction of sprint performance. 

5.3.2 Effect of low-altitude training on performance 

All the biathletes who remained free of illness throughout the altitude 

training camp and in the week immediately after returning home 

improved their Speed@4mmol by 2.2–5.3% after the altitude training camp. 

This improvement is consistent with the findings of Bailey et al.,160 who 

reported a 12% increase (from 5.97 ± 0.83 to 6.70 ± 1.13 m·s-1) in 

Speed@4mmol after four weeks of endurance training at 1500–2000 m in a 

group of British national team distance runners. By contrast, three out 

of the four biathletes who became ill during or in the week 

immediately after the altitude training camp, but who still completed 

the camp, showed reductions in their Speed@4mmol by 3.6–8.5%. This 

result is also consistent with previous research showing that illness 

during an altitude camp in a group of potential German Olympic team 

swimmers was negatively related to sea-level performance in the 

subsequent period.157 

The primary physiological rationale for applying altitude training to 

increase sea-level performance is the altitude-induced increase in 

hemoglobin mass (Hbmass), which increases oxygen delivery to 

exercising muscles.75 This could explain the increase in submaximal 

roller-ski performance after the altitude training camp in Study III. 

While no blood markers were measured in that study, previous studies 

have shown that three weeks of live high-train high altitude training at 

1800 m is sufficient to significantly increase Hbmass in well-trained 

runners.161 Alternatively, the increase in submaximal roller-ski 

performance may have resulted from non-hematological hypoxia-

induced changes, such as an enhanced muscle buffering capacity25,162 

or improvements in exercise economy.26 Another explanation could be 
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an increase in training quality and recovery during the training camp, 

where the athletes had the opportunity to eliminate the stresses of 

everyday life at home.163  

The reductions in performance for the athletes becoming ill could be 

explained by the fact that illness has an attenuating effect on the Hbmass 

increase associated with altitude training.156,157,164 Alternatively, the 

diminished performances could simply be a result of reductions in TL 

and/or suboptimal training as a result of illness. While acknowledging 

the low number of athletes in Study III, the results from the 

submaximal roller-ski test suggest that the altitude training camp had 

a beneficial effect on subsequent submaximal endurance performance 

at sea level, provided that the athletes remained free of illness. 

However, with the study design applied in Study III it cannot be 

determined whether the effect was due to altitude exposure per se, or 

was a training camp effect.163 

5.3.3 Changes in the metabolic profile differentiate 
high- and low-performers in sprint skiing 

The high- and low-performance groups in sprint skiing could be 

separated by the changes in their metabolic profile from rest to post 

exercise. The most important contributors to the differentiation were 

sorbitol, adenosine monophosphate, 2-hydroxyleuroylcarnitine, 5-

hydroxy-L-tryptophan, and squalene. The enrichment analysis 

showed significant differences in several pathways, such as 

aminoacyl-tRNA biosynthesis and tryptophan metabolism. 

Interestingly, and contrary to what would be expected,47,102,165 

metabolites and pathways directly involved in the major energy 

pathways (i.e., glucose, pyruvate, and lactate) were not key 

contributors to the differentiation in the present study. These results 

may, however, be influenced by the methodological limitations 
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discussed in section 5.5. Nevertheless, the typical duration of 

qualifying TTs in XC sprint skiing competitions (from which the FIS 

points calculation is made) is ~ 3–3.5 min (i.e., similar to the duration 

of the TT in the present study, which was ~ 3.2 min). Thus, it seems 

reasonable that changes in metabolic profiles from a resting to a post-

exercise state may actually differentiate between athletes’ performance 

levels, although no changes in metabolites directly involved in the 

major energy metabolism pathways were observed. 

5.3.4 Changes in the metabolic profile differentiate 
athletes with high and low post-exercise 
blood lactate concentrations 

The high and low [La-]post groups could be separated based on the 

changes in their metabolic profiles from rest to post exercise. Inosine 

and hypoxanthine were the two most important contributors to the 

separation showing higher relative abundances in the low than the 

high [La-]post group. Correspondingly, the enrichment analysis showed 

a significant difference in purine metabolism between the two groups. 

Both inosine and hypoxanthine are intermediates in the degradation of 

purines and purine nucleosides and are typically increased following 

an acute bout of exercise, especially after high-intensity exercise.98,102 

They have important physiological functions that could theoretically 

enhance endurance performance,166,167 with both believed to act as 

vasodilators. In addition, inosine is a precursor to 2,3-

diphosphoglycerate formation and could therefore contribute to a 

right shift in the oxyhemoglobin dissociation curve during exercise.166 

Both mechanisms would facilitate increased oxygen delivery to the 

working muscles. A greater reliance on oxidative metabolism in the 

low [La-]post group, as inferred by the higher concentrations of inosine 

in this group compared to the high [La-]post group, support this theory. 
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However, while there is a theoretical rationale for an effect of inosine 

on endurance performance, evidence of a direct effect is lacking, as 

several studies have shown no ergogenic effects of inosine 

supplementation.166,168,169 

Being able to determine differences in the metabolic profiles of high 

and low [La-]post groups after a standardized exercise testing session is 

interesting from a mechanistic perspective, but the practical relevance 

(i.e., to identify performance capacity) may be limited. Although [La-

]post is an indicator of glycolytic energy metabolism it is not an accurate 

measure of anaerobic energy release or capacity, which are important 

factors in short-duration, high-intensity exercise.170 Several studies 

have reported correlations between performance and peak [La-] ([La-

]peak) after simulated XC ski sprints.165,171,172 However, only one study 

demonstrated a significant relationship between [La-]peak and 

performance after a single effort.171 Moreover, in the only study where 

[La-]peak determined in a laboratory test (similar to the present study) 

was related to performance in a FIS World Cup sprint qualifying TT, 

no correlation was observed between the [La-]peak time to complete the 

TT.47 Hence, although changes in the metabolic profile can differentiate 

between athletes with high and low [La-]post, the practical relevance 

of this finding is currently limited. 

5.4 Monitoring responses to low altitude in 
endurance athletes 

5.4.1 Resting peripheral oxygen saturation 

The measurement of SpO2rest has been suggested to be a useful tool for 

monitoring athletes’ responses to altitude, as a gradual increase in 

SpO2rest over several days or weeks after arrival at altitude can be an 

indicator of healthy hypoxic acclimatization.25 In addition, the level of 
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oxygen desaturation at rest has been suggested as an indicator of 

sensitivity to hypoxia and could potentially be used to individualize 

training at altitude.25 However, no significant changes in SpO2rest 

throughout the altitude training camp were observed (Figure 12A). 

This finding was unexpected, particularly given that the participants 

in Study III live at sea level (i.e., < 500 m) and experience relatively few 

days of altitude training each year (typically 1–2 training camps per 

year each lasting 2–3 weeks). A faster acclimatization phase or 

attenuated acclimatization responses might have been expected in 

athletes with more extensive altitude training experience due to 

hypoxic memory.25 While several studies have reported an initial 

reduction followed by a gradual increase in SpO2rest during altitude 

training camps at low to high altitudes (e.g., 1360–3500 m),80,173,174 

results similar to those of the present study have also been reported. 

For example, a group of German national team middle- and long-

distance runners showed no systematic change in SpO2rest during a 3-

week altitude training camp at ~ 2100 m.77 The inconsistent findings 

could be explained by differences in the time interval and/or timing of 

the SpO2rest measures (i.e., nocturnal 173,175 vs. after awakening 77,80,174), as 

SpO2rest can be sensitive to the periodic breathing that occurs at altitude 

and the circadian rhythm.176 Another explanation is differences in the 

living altitudes. Finally, the altitude may not have been high enough 

to demonstrate the expected pattern described above.26 Hence, based 

on the available evidence, SpO2rest does not appear to be a useful 

measure of hypoxic adaptation in elite endurance athletes at the low to 

moderate altitudes (i.e., ~ 1400–2500 m) typically encountered by this 

group during training and competitions. 
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5.4.2 Resting heart rate 

HRrest did not change systematically throughout the altitude training 

camp (Figure 12B). This observation is consistent with results reported 

by Saw et al.80 who did not observe any consistent changes HRrest over 

time at altitude (4–19 days at 1360–2320 m) in French and Spanish 

national team swimmers and members of a UCI World Tour cycling 

team. In contrast, Sperlich et al.77 reported that HRrest decreased from 

day one to the end of a 21-day training camp at ~ 2100 m in the 

aforementioned German middle- and long-distance runners. Similarly, 

but at a considerably higher altitude (~ 3600 m), Buchheit et al.174 

reported an increase in HRrest in the first week, followed by 

normalization to baseline values in the second week of a 15-day 

training camp in a group of young ( 16 years old) male soccer players. 

An initial increase followed by a gradual decrease in HRrest has been 

regarded as a typical response to sojourns at altitude.80,162 Assuming 

that the increase in HRrest primarily occurs to accommodate the 

reduction in SpO2,80 the lack of change in SpO2rest in the present study 

might explain the lack of change in HRrest. It might also be speculated 

that a greater hypoxic dose (i.e., living/training at higher altitudes) 

would be necessary to induce changes in HRrest in elite endurance 

athletes, due to their already well-developed stroke volume and vagal 

tone.177 However, interpretation of repeated HRrest measures over time 

is complex, since changes in plasma volume, autonomic activity, and 

oxygen partial pressure may all influence HR.178 Another HR-derived 

measure that could have provided additional objective information 

regarding physiological adaptation and fatigue state is heart rate 

variability (HRV). Indeed, HRV has been shown to be useful in 

monitoring adaptation and fatigue states during altitude training in 

XC skiers, biathletes, and Nordic combined athletes.179,180 However, 

HRV responses are highly variable both within and between 
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individuals; hence long-term monitoring of HRV indices is necessary 

to understand each athlete's unique HRV fingerprint and make useful 

inferences.181,182 As the teams did not use HRV systematically in their 

regular training it was not included in Study III. Considering the 

inconsistent results in the current literature, more research is 

warranted to determine the usefulness of HRrest, and possibly even 

HRV as tools for monitoring responses to altitude in elite endurance 

athletes at relevant altitudes for these individuals. 

5.4.3 Urine specific gravity and urine color 

Increased respiratory water loss and diuresis are early responses to 

altitude exposure and typically lead to increased fluid losses at rest and 

during training at altitude. Thus, the athletes are exposed to an 

increased risk of dehydration.75 It is therefore recommended to 

monitor urinary indices, in combination with BM changes, to 

continuously assess the hydration status of athletes at altitude.25,75 In 

Study III, USG and UC obtained from first morning urine samples did 

not systematically change throughout the altitude training camp, 

although the measures were significantly higher on certain days 

compared to the first day of the camp (Figure 12D and 12E). Despite 

these findings, mean USG remained below the recommended 

threshold of 1.020, above which would be indicative of dehydration,183 

on all days except for day 18 (1.022 ± 0.006) and day 21 (1.025 ± 0.003). 

When also considering the maintenance of BM, the present results 

suggest that the group generally remained hydrated throughout the 

camp. It is worth highlighting that USG, UC, and BM results were 

communicated daily to the athletes and their coaches from health and 

performance perspectives. This might have attenuated the potential 

adverse effects of altitude on hydration status by increasing the 

awareness of hydration needs. Moreover, it has been suggested that 
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individual TLs and local weather conditions probably influence 

hydration status to a greater extent than the potentially milder hypoxic 

effects experienced at low to moderate altitudes.75 

5.4.4 Urea 

Increased energy expenditure might lead to a temporal depletion of 

carbohydrate stores and subsequent protein breakdown for 

gluconeogenesis and ATP production.184 Since urea is an end product 

of protein metabolism, the measurement of [U] has been adopted to 

provide information on muscular and/or metabolic strain in endurance 

athletes.96,184 As such, this was a routine measurement used by the 

national biathlon team (but not the XC team). A small but significant 

increase in [U] over time at altitude (Figure 12H), potentially indicating 

elevated muscular and/or metabolic strain as the training camp 

progressed was observed in Study III. However, the practical 

implications of such small daily increases (i.e., 0.046 mmol·L-1·day-1 and 

~ 1 mmol·L-1 from day 1 to day 21) may be questioned. In addition, [U] 

remained within the normal range of 1.7–8.3 mmol·L-1 for 157 of the 

172 samples in total.184 So, while there may be a link between 

accumulated TL and [U],184 the measurements obtained in the present 

study imply limited utility of [U] for monitoring acclimatization and 

training responses in elite endurance athletes at low altitudes. 

5.4.5 Submaximal cycling test 

The submaximal cycling test carried out in Study II showed that 

SpO2work was significantly reduced at altitude compared to the near-

sea-level baseline by 2.6–3.5% at all time points (Figure 13A), while 

RPEwork was significantly increased by one unit compared to near sea 

level at the first and third time points at altitude (Figure 13D). By 

contrast, there were no significant changes over time in HRwork or 

[La-]work (Figure 13B and 13C). Previous studies on untrained 
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individuals at high altitudes (> 3000 m) have reported a decrease in 

SpO2work during submaximal exercise at altitude compared to near sea 

level or low altitude (< 600 m) baselines.185,186 Contrary to the present 

study, however, these studies also showed concomitant increases in 

submaximal HR and [La-]work at altitude.185,186 An increase in HR during 

submaximal exercise would be expected to compensate for the reduced 

oxygen content of the blood.187 However, it might be speculated that 

the work rates used in the present study (120 W and 160 W; for the 

women and men, respectively; ~ 65% HRmax) were too low to induce 

significant perturbations in HRwork and [La-]work, especially when 

considering the relatively low altitude and the elite status of the 

endurance athletes. Further research could focus on developing a 

standardized exercise protocol that can provide reliable and valid 

measures of sub-maximal exercise tolerance at low altitudes in elite 

endurance athletes, whilst ensuring that such tests impose minimal 

interference upon the athletes’ priorities of sport-specific training and 

recovery. 

5.4.6 Body mass and body composition 

While sojourns at altitudes > 3000 m can result in significant weight 

loss,174,188 results from studies on athletes residing at low to moderate 

altitudes that are generally recommended for altitude training (i.e., 

1800–3000 m), and of similar durations to the present study (~ 3 weeks), 

have shown either small decreases 189 or no change in total BM.77,156,190,191 

Consistent with this, total BM did not change from before to after the 

camp in Study III (Figure 14C). Similarly, lean and fat mass did not 

change from before to after the camp (Figure 14A and 14B). However, 

a small but significant decrease in BM during the altitude training 

camp was observed (Figure 12C), but this decrease was so small (~ 2 

g·day-1) that the practical implications are questionable. Hence, the 
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present results suggest that the athletes were able to maintain energy 

balance throughout the camp. This is an important practical outcome 

as failure to maintain BM may lead to other health and performance 

issues, as well as to the attenuation of hematological adaptations to 

hypoxia.75,164 The athletes in Study III were provided for by a 

professional catering company working in close cooperation with the 

coaches and practitioners throughout the camp. This may have 

contributed to the athletes maintaining their BM and body 

composition throughout the observation period. 

5.5 Methodological considerations 

5.5.1 General considerations 

5.5.1.1 Self-reporting 

One central methodological concern in all of the studies is the use of 

self-reported training and/or health data. While self-reporting is a 

relatively simple and cost-effective way of collecting training and 

health data,40 thus making it applicable across a broad range of settings, 

the quality of the data is dependent on the athletes reporting accurately 

and truthfully. Sylta et al.119 have previously demonstrated that elite-

level XC skiers self-report their endurance training accurately. Given 

that all athletes in Study I and III were followed up closely by high 

school, university, and/or national-team coaches, and that the SSF 

provides a detailed description of how to report endurance training 

data,118 We believe that the endurance training data was reported 

accurately. In contrast, the strength and speed training data could not 

be analyzed in Study I due to large differences in the reporting routines 

between participants, as discussed previously (section 5.1). Thus, the 

total training volume of the athletes could not be quantified. 
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Regarding health problems, specifically, it is important to note that a 

variety of personal and external factors, such as motivation, time of 

season, important competitions, and social structures, might influence 

perceptions of health problems and whether a problem is reported.192-

194 Moreover, how an athletic health problem is defined will also 

influence the number of observed cases.29 An any complaint definition 

like the one used in this thesis will likely capture more health problems 

than definitions based on medical attention (i.e., a health problem 

resulting in an athlete receiving medical attention) or time loss (i.e., a 

health problem resulting in an athlete being unable to participate in 

training and/or competitions).29 Importantly, though, while not all 

health problems limit participation or require medical attention they 

can still have important implications for training and performance.30 

5.5.1.2 Quantifying training load in cross-country skiing and 
biathlon 

XC skiers and biathletes typically use the duration in different exercise 

intensity zones based on HR measurements (similar to Edward’s 

training impulse approach195) to quantify their TLs.17,62 While HR-

derived measures might work well for continuous, steady-state 

exercise intensity sessions and traditional interval sessions on flat 

terrain, they might not reflect typical on-snow training loads for XC ski 

athletes because of the large fluctuations in exercise intensity caused 

by the highly variable terrain. Specifically, several studies have shown 

that XC ski athletes repeatedly reach exercise intensities well above (> 

150% V̇O2peak) in simulated competitions and competition-like training 

sessions.51,52 Thus, it might be speculated that HR-derived measures 

underestimate the total TL for these athletes. A possible alternative or 

compliment to using the traditional HR-derived measures might be to 

use the sRPE approach128 as in Study III. As well as being simple to use 

and accounting for the high variability in exercise intensities during 
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XC ski training and competitions, the sRPE method can also be applied 

across a wide range of training modalities, which is important for XC 

ski athletes who complete a substantial amount of non-specific training. 

5.5.2 Study I–IV: Strengths and limitations 

5.5.2.1 Study I 

A major strength of Study I was the relatively large group of 

participants that had reached a high level in their sport. At the time of 

inclusion 26 out of the 31 participants represented or had represented 

at least one of the Swedish national teams. Another strength was the 

large volume of endurance training data collected over a long time 

period which facilitated new insights into the training characteristics 

of developing endurance athletes. The major methodological concerns 

of Study I were that the data was self-reported (which was discussed 

in the previous section) and retrospectively analyzed. Hence, it was 

not possible to determine any causes of the self-reported illness 

episodes as this information was not recorded in the training diaries. 

Nevertheless, any reduction in or loss of training time as a consequence 

of illness is important, regardless of cause.30 Another limitation of 

Study I is that it did not include data on other forms of training besides 

endurance training, such as strength, power, and sprint training, due 

to a lack of consistent reporting routines. 

5.5.2.2 Study II 

The strengths of Study II include the prospective study design, the high 

(92%) response rate, the inclusion of 80% of all Swedish national senior 

and development XC ski team members, and the use of a valid and 

sensitive tool to collect information on health problems (OSTRC-H2).121 

Two important limitations of Study II were that the health problems 

were not verified by a physician and the etiology of the problems were 

not determined. This was not feasible as participants were spread 
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across Sweden and had varying access to medical support. Another 

important limitation of Study II was that the latter part of the data 

collection coincided with the COVID-19 pandemic outbreak. As a 

result, the competitive season was terminated prematurely (e.g., one 

week early for the FIS World Cup). Related to this, the first national 

infection control measures were introduced in Sweden on March 11, 

2020 (i.e., the last week of the study). Increased awareness of infection 

control among the skiers and in the general population prior to this 

date might have influenced the incidence of illnesses in the group. 

5.5.2.3 Study III 

As part of two national teams’ OWG-cycle preparations, Study III was 

designed and required the research team to impose minimal 

interference upon the athletes’ training and daily routines. Also, 

measuring tools and variables were chosen based on their feasibility in 

an applied setting. Thus, a major strength of Study III is that it presents 

a true reflection of the training characteristics and outcomes of an 

altitude camp with elite endurance athletes using tools that are readily 

available and can be used in the absence of expert guidance. A major 

limitation, however, is that baseline and follow-up data for the daily 

measures monitored at altitude were not collected. This was largely 

because the athletes were not familiar with the measurement 

procedures and they lacked the required experience and/or equipment 

to collect the data themselves, making it logistically impossible to 

collect these data rigorously at different locations around Sweden. A 

further limitation was that the results of the daily measures were 

communicated to the athletes and their coaches each day during the 

training camp. As mentioned previously (section 1.8), this is important 

in real-world scenarios where optimizing the effects of a pre-OWG 

training camp is of utmost importance, but from a scientific 

perspective this feedback practice may influence athlete and/or coach 

behaviors. A final limitation was that no control group was included. 
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This is unsurprising since all available senior national team XC skiers 

and biathletes were recruited to the experimental group and no 

suitable control group exists. Hence, whether the responses were due 

to the altitude exposure per se or were the result of a training camp 

effect163 cannot be determined. In addition, the time point for the 

submaximal roller-ski test performed after the training camp had to be 

adapted to the athletes’ training schedules. As a result, there was 

considerable variation in the duration (7 ± 3 days) between the end of 

the camp and when tests were performed. This may have resulted in 

the athletes being at different stages in the deacclimatization process 

when performing the tests, which could have influenced the test 

outcomes.196 

5.5.2.4 Study IV 

A major strength of Study IV was the comprehensive approach used to 

describe differences in the resting metabolic profile and changes in the 

metabolic profile in response to exercise between athlete groups with 

different physiological, performance, and illness characteristics. The 

major methodological concern, however, was the relatively small 

sample of 23 athletes (10 women and 13 men), which may have 

resulted in true positive results being missed due to insufficient 

statistical power.107 In addition, because of the relatively small sample 

size, samples from both women and men were combined in the 

analyses to increase statistical power. Sexual dimorphisms in the 

metabolic profiles of humans are well documented in the scientific 

literature.197-201 Hence, combining the samples from both sexes might 

have introduced noise that concealed relevant group differences. 

Another limitation of Study IV was that the dietary intake of the 

athletes was not standardized. Hence, individual differences in dietary 

intake and composition, and the use of supplements, medications, 

and/or other ergogenic aids may have influenced the observed 

metabolic profiles.102,107,202 Nevertheless, not controlling the athletes’ 
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dietary intake is more ecologically valid than imposing experimental 

control, which would not occur in an applied setting, as optimizing the 

athletes’ training and recovery is the primary concern. 
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6 Conclusions 
This thesis has expanded our current knowledge of the health 

problems and training of competitive XC ski athletes and provides 

insights that can improve future support practices, and ultimately 

athletic performance. The primary findings were that: 

Training: 

• The skiers progressively increased their endurance training 

volume in a linear fashion from ~ 470 h.y-1 at age 16 years old to 

~ 730 h.y-1 at 22 years old;  

• The increase in endurance training volume was primarily 

achieved through an increase in LIT and sport-specific training, 

rather than HIT and non-specific training; 

• Both training volume and age significantly influenced 

performance level, which also improved in a linear fashion; 

• The biathletes who remained free of illness improved their 

Speed@4mmol from before to after the 21-day training camp at 

1800 m by  4%. 

Health problems: 

• Health problems, especially illnesses, were common among the 

XC skiers, with approximately one-fifth of athletes affected by 

at least one problem in any given week; 

• Approximately 12% of the health problems were considered 

substantial; 

• The prevalence of all health problems was similar between 

athletes of different performance levels, but illnesses were less 

prevalent and injuries were more prevalent in the senior 

compared with the development team skiers; 
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• Health problems, especially illnesses, were more prevalent in 

the women compared with the men; 

• Symptoms of RTIs were the most common 

• There was no difference in the number of illness episodes 

between the development team skiers and the senior elite-level 

athletes; 

• Higher training volumes were associated with a lower number 

of illness days; 

• Most illness episodes were reported within four days of the 

outbound or homebound flight; 

• Body composition (i.e., lean and fat mass) and total BM did not 

change from before to after the 21-day training camp at 1800 m. 

Metabolic profiling: 

• The metabolic profiles of highly-trained endurance athletes can 

discriminate between athlete groups with different 

physiological, performance, and illness susceptibility. 

Specifically: 

o The resting metabolic profile can differentiate between 

women and men; 

o Acute changes in the metabolic profile in response to a 

standardized exercise test can differentiate athletes 

with high and low post-exercise blood lactate 

concentrations, high and low performers in sprint 

skiing, and athletes susceptible and non-susceptible to 

illness. 
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7 Practical applications 
As for other elite endurance sports,3-16 reaching a top international level 

in XC skiing sports requires a large volume of systematic training 

performed over time.17,44,49,56-58 The findings of Study I suggest that a 

gradual progression in endurance training volume, with an increase of 

~ 50 h∙yr-1 between age 16 to 22 years old, is appropriate to reach the 

training volumes required of top international-level XC skiers (i.e., ~ 

700 h). The findings in Study I also suggest that gradually developing 

LIT and sport-specific training, rather than HIT and non-specific 

training, is beneficial. While these findings provide some general 

guidelines on how to organize training throughout an important 

period of an athlete’s career, caution should be exercised when 

interpreting the findings as the athlete development process is highly 

individual. For example, individual programs should be tailored 

according to training history, age, physical development, and athlete 

health. Finally, Study I highlights the need for better reporting routines 

and more scientific analysis of strength and speed training data in 

Swedish XC skiers. 

The findings of Study I and Study II show that younger and female 

skiers are at an increased risk of contracting illness. Also, the findings 

of Study III highlight that remaining illness free is important to reap 

the benefits of altitude training. Basic preventive measures such as 

vaccination, hygiene education, and social distancing (for a full 

description of suggested measures, see Schwellnus et al.18) effectively 

reduce the risk of illnesses in elite endurance athletes.203 Thus, targeted 

efforts implementing such basic preventive measures, especially 

towards young and female skiers and in association with altitude 

training, should be considered. 
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The findings of Study III revealed that the measures typically 

recommended to monitor acclimatization and responses to altitude in 

athletes, such as SpO2rest and HRrest, did not follow the patterns 

suggested in the literature (e.g., an increase in SpO2rest and a decrease 

in HRrest over time25). While this might be due to the relatively low 

altitude, caution is warranted when implementing these measures to 

monitor acclimatization at altitudes typical of training and competition 

in XC ski athletes (i.e., < 2000 m66). 

Study IV showed that acute changes in the metabolic profile in 

response to a standardized exercise testing session could distinguish 

athletes based on illness susceptibility in the subsequent 33 weeks. This 

information is particularly valuable for susceptible athletes and their 

coaches, as preventive measures, such as those described above, can be 

implemented to reduce the risk of illness. 
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