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Carbohydrate intake in young
female cross-country skiers is
lower than recommended and
affects competition performance
Oona Kettunen1*, Ritva Mikkonen1, Jaakko Mursu2, Vesa Linnamo1,2

and Johanna K. Ihalainen2

1Sports Technology Unit Vuokatti, Faculty of Sport and Health Sciences, University of Jyväskylä,
Vuokatti, Finland, 2Faculty of Sport and Health Sciences, University of Jyväskylä, Jyväskylä, Finland

Purpose: (1) To evaluate if energy availability (EA), macronutrient intake and body
composition change over four training periods in young, highly trained, female
cross-country skiers, and (2) to clarify if EA, macronutrient intake, body
composition, and competition performance are associated with each other in this
cohort.
Methods: During a one-year observational study, 25 female skiers completed 3-day
food and training logs during four training periods: preparation, specific preparation,
competition, and transition periods. A body composition measurement
(bioimpedance analyzer) was performed at the end of the preparation, specific
preparation, and competition periods. Competition performance was determined
by International Ski Federation (FIS) points gathered from youth national
championships.
Results: EA (36–40 kcal·kg FFM−1·d−1) and carbohydrate (CHO) intake
(4.4–5.1 g·kg−1·d−1) remained similar, and at a suboptimal level, between training
periods despite a decrease in exercise energy expenditure (p=0.002) in the
transition period. Higher EA (r=−0.47, p=0.035) and CHO intake (r=−0.65,
p=0.002) as well as lower FM (r=0.60, p=0.006) and F% (r=0.57, p=0.011)
were associated with lower (better) FIS-points. CHO intake was the best predictor
of distance competition performance (R2 = 0.46, p=0.004).
Conclusions: Young female cross-country skiers had similar EA and CHO intake
over four training periods. Both EA and CHO intake were at suboptimal levels for
performance and recovery. CHO intake and body composition are important
factors influencing competition performance in young female cross-country skiers.

KEYWORDS

endurance sport, energy availability, body composition, FIS points, female athlete,

macronutrient, nutrition, periodization

1. Introduction

The annual training plan of most athletes is periodized into macrocycles (training

periods), which have their own specific training and performance goals (1). The typical

training year for cross-country (XC) skiers consists of a one- to three-part training period

between May and November, a competition period from November to April, and a few

weeks long transition period from April to May to allow for recovery before a new

training year (2–5). The aim of this periodized training plan is to develop a variety of

physiological, technical, and tactical capabilities that, together with competitive

equipment, are needed for successful XC skiing performance (3).
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Due to the variable training load and goals across training

periods, nutritional needs may change. Therefore, to promote

and support training goals, nutrition should also be periodized

(6, 7). Periodized nutrition means that macronutrient intake is

modified between training periods to support the specific

training goals while maintaining adequate micronutrient intake

and energy availability (EA) and avoiding negative health and

performance consequences (6, 8, 9). In particular, carbohydrate

(CHO) requirements may vary significantly depending on the

intensity, volume and goals of the training (6). In XC skiing,

most competitions and key training sessions are performed at

intensities that are highly dependent on CHO based fuels (3, 10).

Consequently, inadequate CHO intake may impair training

intensity and competition performance, delay recovery, and

increase the risk of lost training days due infection or injury (9–11).

In young athletes, the main goal of nutrition is to ensure

optimal energy and nutrient availability to promote performance,

recovery, training adaptations, overall health, and normal

physical development (12). Physical maturation also induces

changes in nutritional needs and performance capabilities,

especially for young female athletes, who typically gain more

body fat during adolescence between the ages of 8 and 20 years

(13). As previous findings suggest that leaner body composition

may confer a competitive advantage in young female XC skiers

(14), more knowledge is needed, on how nutrition affects

performance and body composition.

A recent study by Kettunen et al. (15) found that most young

female XC skiers had suboptimal CHO intake and EA during

normal training days and during an intensified 5-day training

camp, despite some nutritional periodization practices. As research

regarding the nutritional practices across the training year is still

limited, the aim of this study was to evaluate if EA, macronutrient

intake, and body composition change over four macrocycles in

young female XC skiers. In addition, the study aimed to clarify

how EA, macronutrient intake, body composition, and

competition performance are associated with each other.
2. Materials and methods

2.1. Participants

A total of 27 female XC skiers and biathletes from a local high

school sport academy (age 15–19 years) provided written informed

consent to participate in this observational study. Two participants
FIGURE 1

The timing of the training periods, food, and training logs (Log1–Log4), and m
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dropped out due personal reasons and thus the final number of the

participants was 25. The proportion of the participants, who

belonged to the youth XC or biathlon national team was 64%.

Due to some missing data, the number of the participants varies

between analyses, and therefore n values are presented in tables.
2.2. Design

Data were prospectively collected for one training year from the

beginning of May to the end of April (Figure 1). The participants

completed four 3-day food and training logs, one for each training

period (macrocycle) of the training year as follows: preparation

(Log1), specific preparation (Log2), competition (Log3), and

transition period (Log4). Laboratory measurements were

performed at the end of the preparation (M1), specific

preparation (M2), and competition periods (M3). M3 was

performed 12 ± 5 days after the Finnish Youth Championships in

XC skiing, which was the main goal of the year for most of the

participants. Total training volume (total hours) was recorded

daily using an electronic training log (eLogger, eSportwise Oy,

Finland). Competition performance was determined by

International Ski Federation (FIS) points gathered from Finnish

Youth National Championships. The study was approved by the

ethical board of the University of Jyväskylä (20.3.2020) and

conducted in accordance with the Declaration of Helsinki.
2.3. Anthropometric measurements
(M1, M2, M3)

Anthropometric measurements were completed in the morning

following an overnight fast. The height of each participant was

measured with a wall-mounted stadiometer. Body mass (BM), fat

mass (FM), fat free mass (FFM), and fat percent (F%) were

measured using bioimpedance analyzer (Inbody 720, Biospace

Co., Seoul, Korea). Participants were barefoot and in their

underwear during the measurement, which was performed in a

private room.
2.4. Race performance

The level of XC skier performance can be evaluated by FIS

points (16, 17). FIS point calculations are based on competition
easurements (M1–M3) during a one-year follow-up study.
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performance as presented by Jones et al. (14) and lower FIS points

indicate a better performance (17). As many FIS level competitions

were canceled due to the COVID-19 pandemic, competition

performance was evaluated by FIS points earned from Youth

National Championships to which both XC skiers and biathletes

took part. The best points from three distance competitions and

one sprint competition were recorded separately. A total of 20

participants competed in at least one distance race and 14

participants competed in the sprint race.
2.5. Food and training logs

Three-day food and training logs were collected at four time

points (Log1–Log4). Participants selected three subsequent days

for each log from a 4-week period and were asked to select days

that reflect their normal life and training as well as possible.

Participants recorded the timing, type, and weight of foods and

fluid consumed, quantifying their intake using kitchen scales

(Idéale+, Tokmanni Oy, Mäntsälä, Finland). Verbal and written

instructions were given to ensure a more accurate record

keeping. Participants were instructed to take at least two

photographs of the weighed portions, and whenever the scales

were not available (e.g., in a restaurant) to validate what was

recorded. The timing, type, and average heart rate (HR) of all

exercises performed were recorded in training logs. Written and

verbal instructions were given for accurate record keeping. Food

logs were analyzed for energy intake (EI) and macronutrient

intake using Aivodiet-software (version 2.0.2.3, Mashie, Malmö,

Sweden). Although there are significant challenges in the validity

of food logs, they are the best available tool for assessing dietary

intake of the athletes (18).
2.6. Assessment of exercise energy
expenditure and energy availability

The exercise energy expenditure (EEE) assessments were based

on the individual relationships between HR, oxygen uptake (VO2)

and energy expenditure (EE). An incremental exercise test was

performed by walking with ski poles on a treadmill

(Telineyhtymä, Kotka, Finland) during M1, M2, and M3. The test

started at an inclination of 3.5° with a speed of 5.0 km−1·h−1.

The inclination and/or speed of the treadmill was increased every

third minute so that oxygen demand calculated using the

equation by Balke & Ware (19) increased 6 kcal·kg FFM−1·d−1

every stage. The treadmill was not stopped between the stages.

Breathing gases were measured continuously using Medikro 919

Ergospirometer (Medikro Oy, Kuopio, Finland). The average

VO2 and respiratory exchange ratio (RER) from the last 60 s of

each stage were recorded. Heart rate (HR) was monitored

continuously throughout the tests using a Polar H10 HR belt

(Polar Electro Oy, Kempele, Finland), and the average HR from

the last 60 s of each stage was recorded. The protocol was

selected as it is commonly used at local Olympic Training Center

to monitor participants’ performance in a similar way as was
Frontiers in Sports and Active Living 03
done in the present study. Therefore, participants were familiar

with the protocol.

The first five stages of the treadmill test were utilized to form an

individual regression line for each participant as described by

Tomten & Hostmark (20). EE during each stage was calculated

as (21):

EE ¼ VO2� (1:1� RERþ 3:9)

HR was strongly linearly correlated with calculated EE at

increasing workloads (r = 0.99 at each measurement point) (21).

EEE for each training session was calculated from the duration

and mean HR of the training session using the regression line.

The resting EE during exercise was calculated using the

Cunningham equation (22) and subtracted from EEE in line with

the latest definition of EA (23). Laboratory-based measures

where HR is plotted against indirect calorimetry are regarded as

the best methods to assess EEE in field conditions (24).

Importantly, the mean intensity of most training sessions

recorded were performed at an intensity between the first and

fifth stage of the treadmill test.

Daily EA was calculated as (25):

EA ¼ EI � EEE
FFM

where FFM is fat free body mass obtained from the bioimpedance

measurement (25).

As FFM and relationship between HR and EE may change

within a year, M1 was used to analyze Log1, M2 to analyze Log2,

and M3 to analyze Log3 and Log4.
2.7. Statistical analyses

Statistical analyses were performed with IBM SPSS Statistics

version 26.0 (IBM Corp., Armonk, NY). All data were checked

for normality with a Shapiro-Wilk test and nonparametric tests

were used with non-normally distributed data. The changes in

variables between different parts of the training year were

analyzed using a one-way analysis of variance for repeated

measurements followed by the Bonferroni post-hoc test. Wilcoxon

signed rank test was used for nonparametric variables. Results

are reported as means ± SD. Correlations for normally distributed

data were analyzed by using Pearson’s correlation coefficient (r)

and nonparametric data were analyzed using Spearman’s

correlation coefficient (rs). Stepwise linear regression analysis was

used to determine which variables were the best predictors FIS

points. The relative importance of predictors was calculated

based on R Square (R2). A p-value <0.05 was defined statistically

significant.
3. Results

As presented in Table 1, EI, EEE, and macronutrient intake

remained similar between Log1, Log2, and Log3 while EI, EEE,
frontiersin.org
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TABLE 1 Food and training log data between four training periods in young female XC skiers (n = 23).

Preparation period
(Log1)

Specific preparation
period (Log2)

Competition period
(Log3)

Transition period
(Log4)

Energy intake (kcal·kg FFM−1·d−1) 50.8 ± 10.6 52.5 ± 9.3 53.3 ± 8.9 46.2 ± 10.7bb, cc

Exercise energy expenditure (kcal·kg
FFM−1·d−1)

14.1 ± 5.5 14.2 ± 5.3 13.3 ± 5.7 7.7 ± 6.9aa, bbb, cc

Energy availability (kcal·kg FFM−1·d−1) 36.7 ± 11.0 37.8 ± 10.7 40.0 ± 9.6 38.5 ± 11.2

Carbohydrate intake (g·kg−1·d−1) 5.0 ± 1.0 5.0 ± 1.1 5.1 ± 1.0 4.4 ± 1.1

Protein intake (g·kg−1·d−1) 2.0 ± 0.5 2.1 ± 0.4 2.0 ± 0.4 1.6 ± 0.4aaa, bbb, ccc

Fat intake (g·kg−1·d−1) 1.5 ± 0.5 1.5 ± 0.4 1.5 ± 0.4 1.3 ± 0.5

Training (food diaries) (h·d−1) 2.1 ± 0.7 2.1 ± 0.7 1.9 ± 0.7 1.1 ± 0.7aaa, bb, cc

Training (eLogger) (h·d−1) 1.9 ± 0.3 1.8 ± 0.3 1.5 ± 0.5aa, bb 0.5 ± 0.4aaa, bbb, ccc

aaSignificantly different from preparation period (Log1) p < 0.01.
aaap < 0.001.
bSignificantly different from specific preparation period (Log2) p < 0.05.
bbp < 0.01.
bbbp < 0.001.
cSignificantly different from competition period (Log3) p < 0.05.
ccp < 0.01.
cccp < 0.001.

Kettunen et al. 10.3389/fspor.2023.1196659
and protein intake were lower in Log4 than in Log1, Log2, and Log3.

Nevertheless, EA remained statistically similar between the logs.

Yearly training volume was 610 ± 89 h and ranged between 450

and 815 h. There were no significant differences between the

daily training volume reported in the food and training logs

compared to the mean training volume reported in the electronic

training diaries during each training period.

As presented in Table 2, BM and body mass index (BMI)

increased from M1 to M2 and further from M2 to M3. In

addition, FM and F% increased from M2 to M3.

Mean FIS distance points for participants from the

Youth National Championships were 171.6 ± 52.0 (n = 20, range

101.0–274.6) and mean FIS sprint points were: 186.2 ± 32.0

(n = 14, range 127.2–239.6).

As presented in Table 3, better success in XC distance races,

indicated by lower FIS distance points, was associated with

higher EA and macronutrient intake as well as with lower FM

and F%. FIS sprint points were negatively associated with

training volume. In addition, athletes with higher FM and F%

tended to eat less CHO, protein, and fat in relation to their BM

(Table 3). When stepwise linear regression was performed using
TABLE 2 Anthropometric variables in the end of three macrocycles in
young female XC skiers.

n M1 (August) M2 (November) M3 (April)
Body mass (kg) 24 61.8 ± 6.8 63.1 ± 6.8aaa 64.7 ± 7.3aaa, bb

Height 24 168.2 ± 5.2 168.5 ± 5.3 168.6 ± 5.2

BMI (kg·m−2) 24 21.8 ± 2.2 22.2 ± 2.2aaa 22.7 ± 2.7aaa, bb

Fat free mass (kg) 23 51.0 ± 5.2 51.9 ± 5.0 51.5 ± 4.9

Fat mass (kg) 23 10.6 ± 3.6 10.9 ± 4.0 13.0 ± 4.3aaa, bbb

Fat percent (%) 23 17.0 ± 4.8 17.1 ± 5.2 20.0 ± 5.0aaa, bbb

aSignificantly different from M1 p < 0.05.
aap < 0.01.
aaap < 0.001.
bSignificantly different from M2 p < 0.05.
bbp < 0.01.
bbbp < 0.001.
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the variables presented in Table 3, CHO intake explained 46% of

the variance in FIS distance points (R2 = 0.46, p = 0.004).

Training volume was the best predictor for FIS sprint points

(R2 = 0.34, p = 0.036).
4. Discussion

The present study assessed the changes in nutritional intake

and body composition during a training year in young female

XC skiers. The results showed that athletes had similar EEE, EI,

EA, and macronutrient intake during preparation, specific

preparation, and competition periods. However, athletes

decreased EI during the transition period, where they also

experienced lower EEE, thus maintaining EA. Unfortunately, in

most athletes, CHO and EA were lower than recommended for

performance and training adaptations (9). The second aim of the

study was to assess the relationships between nutrition, body

composition, and competition performance. Interestingly, better

performance in XC distance competitions was associated with

higher EA and macronutrient intake as well as with lower FM

and F%. CHO intake was the best predictor for FIS distance points.

The EEE and training volume between preparation (Log1),

specific preparation (Log2), and competition periods (Log3)

remained similar but decreased significantly in the transition

period (Log4). Also nutritional requirements of the training

remained quite similar during the first three training periods,

where athletes had similar EI, EA, and macronutrient intake.

Nevertheless, during the transition period, athletes adapted to

smaller energy needs by consuming less energy. Therefore,

athletes seemed to periodize their EI between transition period

and other training periods. Indeed, EA remained stable despite

the variation in energy needs, which is in line with periodized

nutrition recommendations (6). This finding is also in line with

the findings of Ihalainen et al. who found that young female

runners had similar EA in different parts of their training year
frontiersin.org
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TABLE 3 Correlation coefficients (rs for BM, r for others) between FIS points, EA, and macronutrient intake (the mean of Log1, Log2 and Log3),
anthropometrics in the end of the competition season, and yearly training volume.

FISd FISs EA CHO Protein Fat BM FFM FM F% Training
FISd 1

FISs 0.36 1

EA −0.47* −0.23 1

CHO −0.65** 0.01 0.69*** 1

Protein −0.51* 0.22 0.53** 0.75*** 1

Fat −0.53* 0.31 0.82*** 0.69*** 0.65** 1

BM 0.42 −0.02 −0.23 −0.28 −0.08 −0.27 1

FFM 0.28 −0.13 −0.38 −0.16 0.11 −0.17 0.83*** 1

FM 0.60** 0.09 −0.37 −0.60** −0.60** −0.49* 0.77*** 0.28 1

F% 0.57* 0.17 −0.20 −0.55** −0.64** −0.43* 0.51* −0.06 0.93*** 1

Training −0.27 −0.58* −0.31 −0.29 −0.31 −0.09 0.07 −0.02 0.13 0.11 1

FISd, FIS distance points; FISs, FIS sprint points; EA, energy availability (kcal·kg FFM−1·d−1); CHO, carbohydrate intake (g·kg−1·d−1); BM, body mass; FFM, fat free body mass

(kg); FM, fat mass (kg); F%, fat percent.

*p < 0.05.

**p < 0.01.

***p < 0.001.
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(26). Unfortunately, the data of the present study does not reveal

whether the lower EI during transition period was intentional or

spontaneous.

The mean EA of athletes during the present one-year follow-up

varied between 36 and 40 kcal·kg FFM−1·d−1, which is considered

suboptimal for performance and training adaptations but

adequate to maintain normal physiological functions (25). The

EA detected in the present study is similar to that reported in

young female XC skiers at home and training camp conditions

(15) and in young female distance runners during different parts

of the training year (26). Notably, the individual variation was

high, and six athletes had low EA (<30 kcal·kg FFM−1·d−1) in

Log1, while four had low EA in Log2, two in Log3, and five in

Log4. In the long term, these individuals may be at risk to

develop deleterious health and performance consequences related

to low EA such as hormonal disturbances, decreased bone health,

and increased risk of injury (8, 27).

When comparing the results from the first three food logs to

the nutrition recommendations for endurance athletes training

1–3 h·d−1, protein intake (2.0–2.1 g·kg−1·d−1) was in the upper

limits (1.2–2.0 g·kg−1·d−1), fat intake (1.5 g·kg−1·d−1 i.e., −31% of

total EI) was in the recommended range (20%–35% from total

EI), and CHO intake (5.0–5.1 g·kg−1·d−1) was less than

recommended (6–10 g·kg−1·d−1) (9). These findings are similar to

those previously reported in Swedish national team XC skiers

(28) and in Finnish Youth National Team XC skiers (15). Thus,

it seems that consuming adequate CHO is a notable challenge

for female XC skiers of different ages and nationalities.

BM and F% increased significantly over the training year and

especially during the competition period, which is against the

body composition periodization principles that are used to

optimize performance in elite athletes (29). Importantly, an

increase in BM, FM, and F% is also a normal physiological

phenomenon during adolescence (13), which may explain, at

least partly, why BM, FM, and F% increased as the study

progressed. BM increased evenly from M1 to M3, while the

increase from M1 to M2 was mostly explained by the increase in
Frontiers in Sports and Active Living 05
FFM while the increase from M2 to M3 is explained by an

increase in FM, which led to a simultaneous increase in F%.

Better competition performance in distance events at the Youth

National Championships was associated with higher EA and

macronutrient intake as well as with lower FM and F%. CHO

intake was the best predictor for FIS distance points. The present

results indicate that adequate CHO intake across the training

year may have an important role in optimizing competition

performance. This finding is logical, as inadequate CHO intake

may impair training intensity and competition performance,

delay recovery and increase the risk of lost training days due

infection or injury (9–11).

In addition to the findings that nutritional intake and body

composition were associated with performance, we found that

anthropometric and nutritional variables correlated with each

other. Interestingly, higher FM and F% were associated with lower

intake of all macronutrients. Because of the observational study

setting, reliable causal relationships cannot be determined. One

potential explanation may be that athletes with higher body fat

restricted their eating to lose BM without desired results. Another

explanation may be that higher body fat is an adaptation to

chronic low EA as long-term low EA leads to energy conserving

metabolic changes that, over the long term may become

detrimental to training adaptations and sport performance (8, 27).

It is also possible that athletes who have adopted proper eating

practices that support their training, have succeeded in developing

their performance from year to year whereby their body

composition has adapted to the demands of their sport due to

successful training and/or genetics. It is worth noting, that the

macronutrient intake in the present study and current nutritional

recommendations (9) are expressed in relation to BM. Athletes

with higher FM and F% have higher amount of metabolically

inactive tissue and therefore, it is possible that they do not need as

much fuel in relation to their BM as their leaner counterparts.

FIS sprint points were predicted by yearly training volume but

were not associated with any other variables. Similar results were

reported by Jones et al. (14) who did not find any predictors for
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FIS sprint points. In contrast, Carlsson et al. (30) found that lean

body mass predicted XC sprint performance in elite female

skiers. It is difficult to assess why training volume predicted

sprint but not distance performance in present study.

Nevertheless, it is important to note that only 14 participants

took part in the sprint race at Youth Nationals, which increases

the risk of error in FIS sprint point analyses, thus these results

should be interpreted with caution.

The present study has some limitations. One of the major

limitations is that the methods used to assess dietary intake and

EA in field conditions are prone to errors (24, 31). To minimize

these errors, we selected methods that are considered the most

valid to assess EEE and dietary intake in field conditions (24).

Food and training logs were completed during different parts of

the training year, which gave more reliable information regarding

overall practices. Notably, training logs reflected the training

volume expected from each training period suggesting that

training logs reflected actual training completed. Finally, FIS

points were recorded only from single races instead of a yearly

score. Nevertheless, we believe that this gave the best possible

description of the competition performance as many races were

cancelled due to the COVID-19 pandemic and the Youth

National Championships were among the most important

competitions for our participants. Importantly, it should be

recognized that non-physiological factors such as ski selection,

waxing, and environmental factors may have affected

competition performance and FIS points.
4.1. Conclusions

Young female XC skiers maintained similar, but suboptimal,

EA and carbohydrate intake between four training periods. EEE

remained similar between preparation, specific preparation, and

competition periods suggesting similar dietary requirements

during these macrocycles. Nevertheless, athletes experienced

lower EEE during the transition period, but maintained EA by

decreasing EI. CHO intake across the training year seems to be

an important predictor for XC distance competition performance

in young female XC skiers. Furthermore, lower BM, FM, and F%

may be beneficial for distance competition performance. Based

on our results, however, restricting dietary intake may not be an

optimal way to modify body composition in young female

athletes. Therefore, based on the findings of present study, young

female XC skiers should aim to maintain adequate EA and CHO

intake throughout the training year to promote long-term

development in competition performance.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Frontiers in Sports and Active Living 06
Ethics statement

The studies involving human participants were reviewed and

approved by Ethical board of the University of Jyväskylä. Written

informed consent from the participants’ legal guardian/next of

kin was not required to participate in this study in accordance

with the national legislation and the institutional requirements.
Author contributions

Conceptualization and methodology: OK, VL, and JI;

investigation: OK; statistical analysis: OK and JM; original draft

preparation: OK; Writing—review and editing: OK, RM, VL, JM,

and JI; supervision: RM, VL, and JI. All authors contributed to

the article and approved the submitted version.
Funding

This study was funded by Kainuu regional fund under Grants

20201404 and 20211638; Ministry of Education and Culture of

Finland under Grant OKM/10/626/2021; and Sports Institute

Foundation under Grant 20220322.
Acknowledgments

The authors would like to thank the coaches of Vuokatti-Ruka
Sports Academy for the great collaboration when planning and
completing the study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fspor.2023.1196659
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Kettunen et al. 10.3389/fspor.2023.1196659
References
1. Issurin VB. New horizons for the methodology and physiology of training
periodization: block periodization: new horizon or a false Dawn? Sports Med.
(2010) 40:803–5. doi: 10.2165/11535130-000000000-00000

2. Solli GS, Tønnessen E, Sandbakk Ø. The training characteristics of the world’s
most successful female cross-country skier. Front Physiol. (2017) 8:1–14. doi: 10.
3389/fphys.2017.01069

3. Sandbakk Ø, Holmberg H-C. Physiological capacity and training routines of elite
cross-country skiers: approaching the upper limits of human endurance. Int J Sports
Physiol Perform. (2017) 12:1003–11. doi: 10.1123/ijspp.2016-0749

4. Sandbakk Ø, Hegge AM, Losnegard T, Skattebo Ø, Tønnessen E, Holmberg HC.
The physiological capacity of the world’s highest ranked female cross-country skiers.
Med Sci Sports Exerc. (2016) 48:1091–100. doi: 10.1249/MSS.0000000000000862

5. Tønnessen E, Sylta Ø, Haugen TA, Hem E, Svendsen IS, Seiler S. The road to
gold: training and peaking characteristics in the year prior to a gold medal
endurance performance. PLoS One. (2014) 9:15–7. doi: 10.1371/journal.pone.0101796

6. Stellingwerff T, Morton JP, Burke LM. A framework for periodized nutrition for
athletics. Int J Sport Nutr Exerc Metab. (2019) 29:141–51. doi: 10.1123/ijsnem.2018-
0305

7. Jeukendrup AE. Periodized nutrition for athletes. Sports Med. (2017) 47:51–63.
doi: 10.1007/s40279-017-0694-2

8. Mountjoy M, Sundgot-Borgen JK, Burke LM, Ackerman KE, Blauwet C,
Constantini N, et al. IOC Consensus statement on relative energy deficiency in
sport (RED-S): 2018 update. Br J Sports Med. (2018) 52:687–97. doi: 10.1136/
bjsports-2018-099193

9. Thomas DT, Erdman KA, Burke LM. American college of sports medicine joint
position statement nutrition and athletic performance. Med Sci Sports Exerc. (2016)
48:543–468. doi: 10.1249/MSS.0000000000000852

10. Hawley JA, Leckey JJ. Carbohydrate dependence during prolonged, intense
endurance exercise. Sports Med. (2015) 45:5–12. doi: 10.1007/s40279-015-0400-1

11. Heikura IA, Kettunen O, Garthe I, Holmlund H, Bucher S, Valtonen M, et al.
Energetic demands and nutritional strategies of elite cross—country skiers during
tour de ski: a narrative review. J Sci Sport Exerc. (2021) 3:224–237. doi: 10.1007/
s42978-020-00105-x

12. Desbrow B, Burd NA, Tarnopolsky M, Moore DR, Elliott-sale KJ. Nutrition for
special populations: young, female, and masters athletes. Int J Sport Nutr Exerc Metab.
(2019) 29:220–7. doi: 10.1123/ijsnem.2018-0269

13. Malina RM, Geithner CA. Body composition of young athletes. Am J Lifestyle
Med. (2011) 5:262–78. doi: 10.1177/1559827610392493

14. Jones TW, Lindblom HP, Karlsson Ø, Andersson EP, McGawley K.
Anthropometric, physiological, and performance developments in cross-country
skiers. Med Sci Sports Exerc. (2021) 53:2553–64. doi: 10.1249/mss.0000000000002739

15. Kettunen O, Heikkilä M, Linnamo V, Ihalainen JK. Nutrition knowledge is
associated with energy availability and carbohydrate intake in young female cross-
country skiers. Nutrients. (2021) 13:1769. doi: 10.3390/nu13061769

16. Pellegrini B, Sandbakk Ø, Stöggl T, Supej M, Ørtenblad N, Schürer A, et al.
Methodological guidelines designed to improve the quality of research on
Frontiers in Sports and Active Living 07
cross-country skiing. J Sci Sport Exerc. (2021) 3:207–23. doi: 10.1007/s42978-021-
00112-6

17. FIS. Rules for FIS Cross-Country Points 2021–2022. (2021). Available at: https://
assets.fis-ski.com/image/upload/v1624282947/fis-prod/assets/FIS_points_rules_2021-
2022_clean.pdf

18. Capling L, Beck KL, Gifford JA, Slater G, Flood VM, O’Connor H. Validity of
dietary assessment in athletes: a systematic review. Nutrients. (2017) 9:1313. doi: 10.
3390/nu9121313

19. Balke B, Ware RW. An experimental study of physical fitness of air force
personnel. U S Armed Forces Med J. (1959) 10:675–88.

20. Tomten SE, Høstmark AT. Energy balance in weight stable athletes with and
without menstrual disorders. Scand J Med Sci Sports. (2006) 16:127–33. doi: 10.
1111/j.1600-0838.2005.00451.x

21. Weir JB. New methods for calculating metabolic rate with special reference to
protein metabolism. J Physiol. (1949) 109:1–9. doi: 10.1113/jphysiol.1949.sp004363

22. Cunningham JJ. Body composition as a determinant of energy expenditure: a
synthetic review and a proposed general prediction equation. Am J Clinic Nutr.
(1991) 54:963–9. doi: 10.1093/ajcn/54.6.963

23. Areta JL, Taylor HL, Koehler K. Low energy availability: history, definition and
evidence of its endocrine, metabolic and physiological effects in prospective studies in
females and males. Eur J Appl Physiol. (2021) 121:1–21. doi: 10.1007/s00421-020-
04516-0

24. Heikura IA, Stellingwerff T, Areta JL. Low energy availability in female athletes:
from the lab to the field. Eur J Sport Sci. (2021) 21:1–11. doi: 10.1080/17461391.2021.
1915391

25. Loucks AB, Kiens B, Wright HH. Energy availability in athletes. J Sports Sci.
(2011) 29:7–15. doi: 10.1080/02640414.2011.588958

26. Ihalainen JK, Kettunen O, McGawley K, Solli GS, Hackney AC, Mero AA, et al.
Body composition, energy availability, training, and menstrual Status in female
runners. Int J Sports Physiol Perform. (2021) 16:1043–8. doi: 10.1123/ijspp.2020-0276

27. Elliott-Sale KJ, Tenforde AS, Parziale AL, Holtzman B, Ackerman KE. Endocrine
effects of relative energy deficiency in sport. Int J Sport Nutr Exerc Metab. (2018)
28:335–49. doi: 10.1123/ijsnem.2018-0127

28. Carr A, Mcgawley K, Govus A, Andersson EP, Shannon OM, Melin A.
Nutritional intake in elite cross-country skiers during two days of training and
competition. Int J Sport Nutr Exerc Metab. (2019) 29:273–81. doi: 10.1123/ijsnem.
2017-0411

29. Stellingwerff T. Case study: body composition periodization in an Olympic-level
female middle-distance runner over a 9-year career. Int J Sport Nutr Exerc Metab.
(2018) 28:428–33. doi: 10.1123/ijsnem.2017-0312

30. Carlsson T, Tonkonogi M, Carlsson M. Aerobic power and lean mass are
indicators of competitive sprint performance among elite female cross-country
skiers. Open Access J Sports Med. (2016) 7:153–60. doi: 10.2147/oajsm.s116672

31. Burke LM, Lundy B, Fahrenholtz IL, Melin AK. Pitfalls of conducting and
interpreting estimates of energy availability in free-living athletes. Int J Sport Nutr
Exerc Metab. (2018) 28:350–63. doi: 10.1123/ijsnem.2018-0142
frontiersin.org

https://doi.org/10.2165/11535130-000000000-00000
https://doi.org/10.3389/fphys.2017.01069
https://doi.org/10.3389/fphys.2017.01069
https://doi.org/10.1123/ijspp.2016-0749
https://doi.org/10.1249/MSS.0000000000000862
https://doi.org/10.1371/journal.pone.0101796
https://doi.org/10.1123/ijsnem.2018-0305
https://doi.org/10.1123/ijsnem.2018-0305
https://doi.org/10.1007/s40279-017-0694-2
https://doi.org/10.1136/bjsports-2018-099193
https://doi.org/10.1136/bjsports-2018-099193
https://doi.org/10.1249/MSS.0000000000000852
https://doi.org/10.1007/s40279-015-0400-1
https://doi.org/10.1007/s42978-020-00105-x
https://doi.org/10.1007/s42978-020-00105-x
https://doi.org/10.1123/ijsnem.2018-0269
https://doi.org/10.1177/1559827610392493
https://doi.org/10.1249/mss.0000000000002739
https://doi.org/10.3390/nu13061769
https://doi.org/10.1007/s42978-021-00112-6
https://doi.org/10.1007/s42978-021-00112-6
https://assets.fis-ski.com/image/upload/v1624282947/fis-prod/assets/FIS_points_rules_2021-2022_clean.pdf
https://assets.fis-ski.com/image/upload/v1624282947/fis-prod/assets/FIS_points_rules_2021-2022_clean.pdf
https://assets.fis-ski.com/image/upload/v1624282947/fis-prod/assets/FIS_points_rules_2021-2022_clean.pdf
https://doi.org/10.3390/nu9121313
https://doi.org/10.3390/nu9121313
https://doi.org/10.1111/j.1600-0838.2005.00451.x
https://doi.org/10.1111/j.1600-0838.2005.00451.x
https://doi.org/10.1113/jphysiol.1949.sp004363
https://doi.org/10.1093/ajcn/54.6.963
https://doi.org/10.1007/s00421-020-04516-0
https://doi.org/10.1007/s00421-020-04516-0
https://doi.org/10.1080/17461391.2021.1915391
https://doi.org/10.1080/17461391.2021.1915391
https://doi.org/10.1080/02640414.2011.588958
https://doi.org/10.1123/ijspp.2020-0276
https://doi.org/10.1123/ijsnem.2018-0127
https://doi.org/10.1123/ijsnem.2017-0411
https://doi.org/10.1123/ijsnem.2017-0411
https://doi.org/10.1123/ijsnem.2017-0312
https://doi.org/10.2147/oajsm.s116672
https://doi.org/10.1123/ijsnem.2018-0142
https://doi.org/10.3389/fspor.2023.1196659
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Carbohydrate intake in young female cross-country skiers is lower than recommended and affects competition performance
	Introduction
	Materials and methods
	Participants
	Design
	Anthropometric measurements (M1, M2, M3)
	Race performance
	Food and training logs
	Assessment of exercise energy expenditure and energy availability
	Statistical analyses

	Results
	Discussion
	Conclusions

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


