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Abstract: The aim of the present study was to investigate prospectively the role of biological
maturity status, anthropometric percentiles, and core flexion to extension strength ratios in the
context of traumatic and overuse injury risk identification in youth ski racing. In this study, 72 elite
youth ski racers (45 males, 27 females) were prospectively observed from the age of 10 to 14 years.
Anthropometric parameters, biological maturity status, and core flexion to extension strength ratios
were assessed twice per year. Type and severity of traumatic and overuse injuries were prospectively
recorded during the 4 years. Generalized estimating equations were used to model the binary outcome
(0: no injury; 1: ≥1 injury). Factors tested on association with injury risk were sex, relative age quarter,
age, maturity group, puberty status, core flexion to extension strength ratio, height percentile group,
and weight percentile group. In total, 104 traumatic injuries and 39 overuse injuries were recorded.
Age (odds ratio (OR) = 3.36) and weight percentile group (OR = 0.38) were significant risk factors
for traumatic injuries (tendency: pubertal status). No significant risk factor for overuse injuries was
identified (tendency: maturity group, puberty status, height percentile group). Future studies should
focus on identifying risk factors for overuse injuries; growth rates might be of importance.

Keywords: youth ski racing; injury risk; biological maturity; anthropometric characteristics;
core flexion to extension strength ratio; talent development

1. Introduction

Sport specialization in the immature athlete has profound effects on short- and long-term injury
risks and joint health [1]. Even though alpine ski racing is a late specialization sport and the peak
performance in elite alpine ski racing is achieved between the ages of 26 (females) and 28 years (males),
youth ski racers at the ages of 10 to 14 years already have high weekly volumes of skiing-specific
(734.0 ± 232.7 min) and additionally athletic-specific training (201.1 ± 122.0 min) [2]. High training
volumes at an early age combined with an athlete’s long competitive life needs to be considered
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when implementing strategies to develop talents. In this context, a large number of specialized ski
boarding schools for talented young athletes provide a fundamental basis for a future professional
career. Research has shown that training load parameters did not represent injury risk factors in young
ski racers [2], which is a result that emphasizes the importance of such well-planned training structures
for young athletes.

Nevertheless, alpine ski racing is a sport with a high risk of injury in elite athletes at World Cup
and European Cup levels [3] but also at youth (10–14 years) [4] and adolescent levels (15–19 years) [5].
At the youth level, traumatic injury rates of 0.63/athlete per season, as well as overuse injury rates
of 0.21/athlete per season were reported [4]. The knee was the most affected body part by both
traumatic (36.5% of all traumatic injuries) and overuse injuries (82.3% of all overuse injuries). Up to
now, studies prospectively investigating injury risk factors in youth ski racing were conducted only for
one to two seasons [4,6–8]. Due to the short observation period, the small sample sizes because of
the general small cohort of elite athletes in this age group, and the consequently small numbers of
traumatic and overuse injuries, risk factors were usually identified for both traumatic and overuse
injuries combined. However, due to the growing back overuse problems in alpine ski racing, it seems
important to identify risk factors separately for traumatic and overuse injuries, respectively.

Growth-related factors such as biological immaturity contribute to overuse injuries [9]. The risk
of sustaining overuse injuries is strongly intensified during the adolescent growth spurt [10].
Late maturing soccer players were at a higher risk for both overuse injuries [11] and severe traumatic
injuries [12]. Additionally, late maturing youth ski racers were more vulnerable for more severe injuries
(traumatic and overuse injuries combined) [4]. In this context, it seems important to prospectively
assess youth athletes over a longer period during their pubertal years to better understand the role
of biological maturity as a possible risk factor for both traumatic and overuse injuries. Additionally,
further variables based on previous research might be considered in injury risk analyses. Firstly,
anthropometric percentiles might be worth consideration for identifying possible risk factors among
youth ski racers aged 10 to 14 years. Secondly, core strength was found to be a significant risk factor for
injuries in youth ski racers [4], and for ruptures of the anterior cruciate ligament (ACL) in adolescent
athletes [13]; in adolescent ski racers, core strength imbalances were significant risk factors for ACL
injuries in male athletes [13]; however, core flexion to extension strength ratios have not yet been
considered in injury risk identification in youth ski racers. Therefore, the aim of the present study
was to investigate prospectively over a period of 4 seasons the role of biological maturity status,
body weight, and body height percentiles and core flexion to extension strength ratios in the context of
traumatic and overuse injury risk identification in elite youth ski racers from the ages of 10 years at the
beginning of the observation period.

2. Materials and Methods

2.1. Study Design

The Institutional Review Board of the Department of Sport Science of the University of Innsbruck
and the Board for Ethical Questions of the University of Innsbruck approved the study (#02/2014).
A four-season prospective longitudinal study design was used to record traumatic and overuse injuries
as well as anthropometric parameters, biological maturity status, and core flexion to extension strength
ratios in a cohort of elite youth ski racers aged 10 years at the beginning of the study (until 14 years
of age). All tests were performed in the laboratory of the Department of Sport Science, University of
Innsbruck, by experienced researchers, at the same time of day (3 p.m.) and under standardized
laboratory conditions (standardized shoes of the laboratory, same order of tests etc.) and using the
same measurement systems to ensure repeatability and to limit confounding influences. The diverse
parameters were tested twice per year: prior to the start of the competitive season (end of September)
and at the end of the winter season prior to the preparation season (end of April). Traumatic and
overuse injuries were recorded prospectively during the four years.
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2.2. Participants

In total, 72 elite youth ski racers (45 males, 27 females), who were pupils of a very famous ski
boarding school and who all competed at national levels in Austria, were included in the study.
The athletes represent a cohort of very successful elite youth ski racers. No power calculations were
performed, as all available pupils were included in the study. Inclusion criteria were as follows:
(a) school attendance at the start of the study, including a medical screening (e.g., for musculoskeletal,
circulatory, or neurological disorders) when entering the boarding school, (b) being free of acute
injuries at the start of the study, and (c) being free of relevant chronic diseases. The pupils were
prospectively observed and investigated from the age of approximately 10 years until the age of
approximately 14 years, as they frequented the skiing-specific secondary modern school for 10- to
14-year-olds. At the start of the study, the mean age of the pupils was 10.6 ± 0.3 years. The mean
weekly training volume of skiing-specific training was 727.3 ± 143.4 min, and the mean weekly training
volume of athletic-specific training was 211.6 ± 76.2 min. The athletes participated in an average of
16.7 ± 9.2 races/season. The anthropometric characteristics of male and female athletes at the beginning
of the study are presented in Table 1. All athletes, their parents, and coaches were informed about the
study aims, risks, and benefits, and the parents of the athletes provided their written informed consent.

Table 1. Anthropometric characteristics of male and female athletes at the start of the study.

Anthropometric Characteristics

Sex

Male Female

M ± SD M ± SD

Age [yrs] 10.6 ± 0.4 10.5 ± 0.3
Height [cm] 144.6 ± 5.5 142.5 ± 6.0
Weight [kg] 35.3 ± 5.1 34.0 ± 4.9

BMI 1 [kg/m2] 16.8 ± 1.9 16.7 ± 1.7
Sitting height [cm] 77.5 ± 4.3 77.7 ± 4.6

APHV 2 [yrs] 13.5 ± 0.4 12.0 ± 0.4
1 BMI: body mass index; 2 APHV: age at peak height velocity.

2.3. Data Collection

2.3.1. Anthropometric Parameters and Biological Maturity Status

The anthropometric characteristics of body height (0.5 cm; portable Stadiometer SECA 217;
SECA, Hamburg, Germany), body weight (1N, Kistler force plate; Kistler Instrumente AG, Winterthur,
Switzerland; calculated to the nearest 0.1 kg), and sitting height (0.5 cm; portable Stadiometer SECA
217; SECA, Hamburg, Germany; sitting height table) were assessed. Additionally, the leg length as
difference between body height and sitting height (0.5 cm) and the body mass index (BMI; 0.1 kg/m2)
were calculated. The percentiles of body height and body weight were classified according to
Braegger et al. [14]. Percentiles of body height and body weight were categorized in three groups (0:
percentile 25 and below; 1: between percentile 25 and <75; 2: percentile 75 and above), which was
done in accordance with Kromeyer-Hauschild et al. [15].

The biological maturity status was assessed using the non-invasive method of calculating the age at
peak height velocity (APHV) [16]. These sex-specific prediction equations include the aforementioned
anthropometric characteristics (except for BMI) as well as the calculated actual chronological age
at the time of measurement. Then, based on these values, the maturity offset as the time before or
after individual peak height velocity (PHV) was calculated. Then, the difference between the actual
chronological age and the maturity offset was defined as APHV. Then, participants were categorized into
three maturity groups according to the sex-specific APHV of the present sample [17,18]: early maturing,
defined as APHV below sex-specific mean − standard deviation; normal maturing, defined as
sex-specific mean APHV ± standard deviation; and late maturing: APHV higher than sex-specific mean
+ standard deviation. A negative maturity offset indicated that the athlete was pre PHV, whereas a
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positive maturity offset indicated post PHV [16]. In accordance with Faigenbaum et al. [19] and Lesinski
et al. [20], puberty status was classified as pre-pubertal: maturity offset −1 and smaller; pubertal:
maturity offset between −1 and 1; and post-pubertal: maturity offset 1 and larger. A previous study [18]
confirmed the validity of this APHV method for 10- to 13-year-old youth ski racers. The difference
between the calculated APHV and the actual age at the day of the occurrence of an injury was defined
as maturity offset at time of injury occurrence. The birth months of the athletes were split into relative
age quarters; relative age quarter 1 (Q1) included the birth months January, February, and March;
Q2 included April, May, and June; Q3 included July, August, and September; and Q4 included October,
November, and December.

2.3.2. Core Flexion to Extension Strength Ratio

The core flexion and extension strength test is part of the test battery for junior ski athletes as
described by Raschner et al. [21], which was established in consultation with sports scientists, ski racing
experts, and coaches. The maximal isometric core flexion and extension strength were measured
using the slightly modified Back-Check (Dr. Wolff Sports & Prevention GmbH, Arnsberg, Germany).
The athlete was in an upright standing position, with knees slightly flexed and pelvis stabilized; pads,
which were connected to a force transducer, were set at sternum level (anteriorly and posteriorly).
Against these cushioned pads, the athlete contracted maximally. The athletes conducted three trials
each (flexion and extension), and the highest force of the three attempts each were recorded [21].
Then, the ratio of flexion to extension strength was calculated by dividing the flexion strength by the
extension strength. The test–retest reliability analysis among high-level athletes identified intra class
correlation coefficients (ICCs) of 0.77 (flexion) and 0.90 (extension) [22]. Subsequently, the ratio of core
flexion to extension strength was categorized to 0 for a ratio ≤1 indicating higher strength in extensors
or equal strength; and to 1 for a ratio >1 indicating higher strength in flexors.

2.3.3. Injury Registration

A sport-specific internet-based database was developed and used in the present study; a detailed
description of the database was reported by Müller et al. [4]. Using this database, coaches of the ski
boarding school recorded all relevant training data immediately after each skiing-specific and athletic
training session. In case of absence of an athlete due to traumatic injury or overuse injury, a member of
the study team contacted the coaches, physiotherapists, and/or physicians of the ski boarding school to
get detailed information. Based on the information, all traumatic and overuse injuries that caused
absence from training for at least one day were then registered by the member of the study team using
the internet-based database. A detailed medical report was provided in case of an injury that required
medical attention. The date of injury, the severity of injury, the circumstance of the injury, the affected
body part, the type of injury were recorded, among other factors.

A traumatic injury was defined as an injury with a sudden onset based on time-loss definition [23].
Based on the injury surveillance consensus paper of the International Olympic Committee [24], the type
of traumatic injury and the affected body part were defined. The injury severity was defined according
to Fuller et al. [25]: An injury was classified as minimal with a time-loss of 1–3 days, extending to mild
(4–7 days), moderate (8–28 days), severe (>28 days), or career ending. Based on the definition by Clarsen
et al. [26], an overuse injury was defined as any physical complaint without a single identifiable event
being responsible.

2.4. Statistical Analyses

Statistical analyses were done using SPSS v. 26 (IBM, New York, NY, USA). Risk factors for
traumatic and overuse injuries were analyzed separately. The eight test time points resulted in repeated
measurements (up to eight) in the athletes. Ordinary binary regression analysis is expected to produce
biased estimates of the regression analysis. Therefore, generalized estimating equations (GEE) were
used to model the binary outcome in which 0 represents no injury, and 1 represents at least one
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injury. GEE was preferred compared to ordinary binary regression analysis since GEE accounts for the
inter-correlation of repeated observations in the same subjects over time and was used in the injury
context previously [27]. A working correlation matrix with exchangeable structures was used. The first
step of the primary statistical analysis consisted of a series of simple GEE models using all potential
associated factors separately. In detail, the factors tested on association with injury risk were sex,
relative age quarter, age, maturity group, puberty status, core flexion to extension strength ratio group,
height percentile group, and weight percentile group. The odds ratio (OR) including 95% confidence
intervals (95% CI) was calculated for each factor. In a second step of the primary statistical analyses,
a multiple GEE model with all significant associated factors in the simple analysis was conducted.
Quasi-information criterion (QIC) was given for the multiple GEE model. A lower QIC value indicates
a better model fit [28].

As an additional analysis, a series of multiple binary regression analyses with stepwise backward
elimination was performed separately for each test time point. The regression analysis is regarded
as secondary and as a supplement to the GEE, since it cannot consider repeated observations across
athletes. p-values < 0.05 were considered as significant and p-values ranging from 0.05 to 0.10 were
considered as tendencies.

3. Results

3.1. Injury Chracteristics

In total, n = 482 observations from 72 ski racers were available with 104 traumatic injuries
(45 separate athletes) and 39 overuse injuries (25 separate athletes). Average injury incidence across all
time points was 0.22 injuries/athlete for traumatic and 0.08 injuries/athlete for overuse injuries (Figure 1).
Most traumatic injuries were moderate (41.3%), followed by mild (23.1%), minimal (20.2%), and severe
(15.4%). Most overuse injuries were mild (33.3%), followed by moderate (30.6%), minimal (22.2%),
and severe (13.9%). None of the injuries was career ending. The predominant injury location of
traumatic injuries was in the lower extremities (66.3% of all injuries), followed by upper extremities
(19.2%), trunk (8.7%), and head (5.8%). Among the traumatic injuries located at the lower extremities,
44.7% were moderate injuries, and 18.4% were minimal, mild and severe injuries each. Overuse injuries
were located in the lower extremities (82.4%) or in the trunk (17.6%). Among the overuse injuries
located at the lower extremities, most of them were classified as moderate injuries (34.4%), followed by
mild (31.3%), minimal (21.8%) and severe (12.5%). Twenty-two athletes had a traumatic (eight athletes
had an overuse) injury on more than one observation. In 15 observations, more than one traumatic
injury was found, resulting in 87 observations with at least one traumatic injury. In two observations,
more than one overuse injury was found, resulting in 36 observations with at least one overuse injury.Appl. Sci. 2020, 10, x FOR PEER REVIEW  6 of 15 
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3.2. Factors Associated with Traumatic Injuries

Out of all factors tested on association with traumatic injuries using simple GEE analysis, age and
weight percentile group were significant (Table 2). Compared to the age of 14 years, being 10 years
old was associated with a significantly higher risk for traumatic injury (OR = 3.36). Compared to
being in the weight percentile of 75 and above, being in the weight percentile 25 and below was
associated with a significantly lower risk for traumatic injury (OR = 0.38). Puberty status showed a
tendency for a higher injury risk for pre-pubertal athletes compared to post-pubertal athletes. The other
potential factors including sex, relative age variables, core flexion to extension strength ratio, and height
were non-significant.

Table 2. Potential factors associated with traumatic injuries according to the simple general estimating
equation analysis (n = 482 observations).

Variable % Observations
with Injuries

N Observations
with Injuries N Observations p OR 1 95% CI lb 2 95% CI ub 3

Sex
Female 16.2% 31 191 0.655 0.86 0.43 1.69
Male 19.2% 56 291 1 (ref)

Relative age quarter
1st 15.7% 24 153 0.692 0.79 0.25 2.52
2nd 20.1% 30 149 0.873 1.10 0.34 3.51
3rd 19.2% 20 104 0.965 1.03 0.29 3.63
4th 17.1% 13 76 1 (ref)
Age

[years]
10 28.1% 16 57 0.021 3.63 1.22 10.81
11 17.4% 19 109 0.174 2.06 0.73 5.86
12 20.0% 26 130 0.080 2.46 0.90 6.73
13 15.6% 21 135 0.213 1.88 0.70 5.09
14 9.8% 5 51 1 (ref)

Maturity group 4

Early 19.7% 15 76 0.670 1.26 0.43 3.73
Average 18.2% 60 330 0.739 1.16 0.48 2.78

Late 15.8% 12 76 1 (ref)
Puberty
status 5

Pre-pubertal 21.8% 39 179 0.073 1.86 0.94 3.67
Pubertal 16.7% 37 222 0.348 1.36 0.71 2.61

Post-pubertal 13.6% 11 81 1 (ref)
Core flexion to extension strength ratio group 6

Ratio 1
and below 16.1% 38 236 0.287 0.76 0.45 1.26

Ratio > 1 19.5% 41 210 1 (ref)
Height percentile group 7

25 and
below 17.2% 20 116 0.403 0.68 0.27 1.70

>25 to <75 17.3% 51 295 0.401 0.72 0.34 1.54
75 and
above 23.4% 15 64 1 (ref)

Weight percentile group 8

25 and
below 11.0% 13 118 0.034 0.38 0.15 0.93

>25 to <75 18.9% 54 286 0.333 0.69 0.32 1.47
75 and
above 25.7% 18 70 1 (ref)

1 OR: odds ratio, 2 95%CI lb: 95% confidence interval lower bound, 3 95%CI ub: 95% confidence interval upper
bound, 4 groups according to age at peak height velocity, 5 according to distance to age at peak height velocity,
6 missing observations = 36, 7 missing observations = 7, 8 missing observations = 8, bold values indicate statistically
significant values.

According to the multiple GEE analysis, both age and weight percentile group remained
significantly associated with traumatic injury risk (Table 3), QIC = 446.9. Adding the variable
puberty status did not improve the model according to the QIC = 449.7. According to the series of
multiple linear regression analysis with stepwise backward elimination, the weight percentile group
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was the only remaining significant factor at time points 3 and 4. No significant factors remained for the
other time points.

Table 3. Results of the multiple general estimating equation analysis of factors associated with traumatic
injuries based on n = 474 observations.

Variable % Observations with Injuries p OR 1 95%CI lb 2 95%CI ub 3

Age [years]
10 28.1% 0.018 3.72 1.26 11.04
11 17.4% 0.148 2.15 0.76 6.03
12 20.0% 0.066 2.55 0.94 6.93
13 15.6% 0.220 1.86 0.69 5.02
14 9.8% 1 (ref)

Weight percentile group
25 and below 11.0% 0.027 0.37 0.15 0.89

>25 to <75 18.9% 0.375 0.71 0.33 1.52
75 and above 25.7% 1 (ref)

1 OR: odds ratio, 2 95%CI lb: 95% confidence interval lower bound, 3 95%CI ub: 95% confidence interval upper
bound, bold values indicate statistically significant values.

3.3. Potential Factors Associated with Overuse Injuries

None of the factors tested on association with overuse injuries was significant (Table 4).
Statistical trends were found for maturity group, puberty status, and height percentile group, p < 0.10,
where a non-significantly higher injury risk was found for athletes being early maturing, post-pubertal,
and larger.

Table 4. Potential factors associated with overuse injuries according to the simple general estimating
equation analysis (n = 482 observations).

Variable % Observations
with Injuries

N Observations
with Injuries N Observations p OR 1 95%CI lb 2 95%CI ub 3

Sex
Female 7.3% 14 191 0.952 0.97 0.42 2.28
Male 7.6% 22 291 1 (ref)

Relative age quarter
1st 7.2% 11 153 0.875 0.91 0.30 2.82
2nd 7.4% 11 149 0.956 0.97 0.28 3.30
3rd 7.7% 8 104 0.998 1.00 0.30 3.27
4th 7.9% 6 76 1 (ref)
Age

[years]
10 8.8% 5 57 0.600 1.50 0.33 6.82
11 3.7% 4 109 0.391 0.55 0.14 2.14
12 5.4% 7 130 0.865 0.88 0.20 3.79
13 12.6% 17 135 0.199 2.12 0.67 6.66
14 5.9% 3 51 1 (ref)

Maturity
group 4

Early 15.8% 12 76 0.091 2.61 0.86 7.93
Average 5.8% 19 330 0.757 0.84 0.28 2.55

Late 6.6% 5 76 1 (ref)
Puberty
status 5

Pre-pubertal 4.5% 8 179 0.069 0.37 0.12 1.08
Pubertal 8.6% 19 222 0.449 0.71 0.29 1.72

Post-pubertal 11.1% 9 81 1 (ref)
Core flexion to extension strength ratio group 6

Ratio 1
and below 8.1% 19 236 0.274 1.45 0.75 2.81

Ratio > 1 7.1% 15 210 1 (ref)
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Table 4. Cont.

Variable % Observations
with Injuries

N Observations
with Injuries N Observations p OR 1 95%CI lb 2 95%CI ub 3

Height percentile group 7

25 and
below 6.9% 8 116 0.110 0.43 0.15 1.21

>25 to <75 6.4% 19 295 0.088 0.44 0.17 1.13
75 and
above 14.1% 9 64 1 (ref)

Weight percentile group 8

25 and
below 4.2% 5 118 0.140 0.39 0.11 1.36

>25 to <75 8.0% 23 286 0.616 0.77 0.27 2.16
75 and
above 11.4% 8 70 1 (ref)

1 OR: odds ratio, 2 95%CI lb: 95% confidence interval lower bound, 3 95%CI ub: 95% confidence interval upper
bound, 4 groups according to age at peak height velocity, 5 according to distance to age at peak height velocity,
6 missing observations = 36, 7 missing observations = 7, 8 missing observations = 8.

4. Discussion

4.1. Incidence of Traumatic and Overuse Injuries

In total, 104 traumatic injuries occurred during the four-year period (63.9% reported by males);
45 separate athletes (62.5% of all athletes) were affected. An average injury incidence of 0.22 injuries/athlete
per season (September until April or April until September) was calculated, which is lower compared
to previous studies in youth ski racing (0.46 traumatic injuries/athlete per season) [7]. However,
it has to be considered that in the present study, the incidence was calculated for half-year-periods
(competitive season and preparation season). Nevertheless, a relatively low incidence of traumatic
injuries was found compared with adolescent ski racers (injury risk: 0.67) [5] or elite ski racers at
the World Cup level (0.36 injuries/athlete/season) [3]. However, when comparing the competitive
seasons (September–April) of the four-year periods (10–14-year-old athletes) with the preparation seasons
(April–September), the incidence of traumatic injuries was obviously higher during the competitive
season for all age groups. This finding is in line with a study in adolescent ski racing, in which Hildebrandt
and Raschner [5] reported higher rates of traumatic injuries during the winter seasons compared with
the summer seasons for both males and females.

In total, only 39 overuse injuries were reported during the four-year period (64.1% reported by
males); 25 separate athletes (34.7% of all athletes) were affected. A very low overuse injury rate of
0.08 injuries/athlete per season (September until April or April until September) was calculated,
which is comparable to the rate found in a previous study in youth ski racing (0.13 overuse
injuries/athlete/season) [7]. In adolescent ski racing (>50% of the athletes during 2-season study
period) [5] and elite ski racing (>1/3 of the top-40 ranked Slalom athletes) [29], higher rates of overuse
injuries were identified. Hildebrandt and Raschner [5] found a higher risk for overuse injuries during
the summer season, while a higher risk for traumatic injuries was present during the winter season
in adolescent ski racers. In the present study, a lower incidence for traumatic injuries during the
preparation season was identified, but the incidence of overuse problems was approximately the same.
When looking at descriptive results, a slightly higher incidence of overuse problems was identified in
the competitive seasons and preparation season of athletes aged between 12.5 and 13.5 years. However,
it only can be speculated that in the older athletes, the training loads are higher, which might lead to
more overuse problems the older the athletes are, or overuse problems are developed with time and
are therefore, more reported in older athletes, as the study of Hildebrandt and Raschner [5] shows.

4.2. Severity of Traumatic and Overuse Injuries and Affected Body Parts

Most traumatic injuries were moderate (41.3%), which means a time-loss of training of 8–28 days,
whereas only 15.4% were severe (time-loss of >28 days). These findings are in line with previous
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studies in youth ski racing (44.9% moderate; 13.1% severe) and adolescent ski racing (15–19 years;
46% moderate; 41% severe) [5], whereas at the World Cup level, most injuries were classified as
severe injuries (>36%) [30]. However, at the World Cup level, injury registration was performed
retrospectively, which might lead to the assumption that not all minimal and moderate injuries were
reported, as it was done in the present prospective study. With respect to injury location, the present
results confirm previous findings in youth ski racing [6], adolescent ski racing [5], and elite ski racing [3]:
most traumatic injuries (66.3%) affected the lower extremities; most of them were located at the knee.
Based on these findings, it can be concluded that also in youth ski racing, the knee is the most vulnerable
body part by traumatic injuries.

Most overuse injuries were mild (33.3%), followed by moderate (30.6%), minimal (22.2%), and only
13.9% were categorized as severe. Only 15% of the overuse problems were recurring, which is a finding
that is comparable with a previous study in youth ski racing, in which 23.1% of the reported overuse
injuries were recurrent [4]. This finding indicates that the youth athletes had sufficient time to recover,
and the pressure to return to training and competition or train despite symptoms was not that high.
In line with a previous study in youth ski racing [4], the lower extremities were the most affected
body parts also by overuse injuries; in the present study, 82.4% affected the lower extremities, which is
comparable to the 82.3% affecting the knee in the reported study [4]. Growing athletes suffer from
unspecified but self-limiting knee problems; the growth rate of the apophysis is slower than that of
the epiphyseal plate, leading to problems of the interface between bone and ligaments; most overuse
injuries were classified as typical apophysitis, such as Osgood–Schlatter disease [31]. Based on the
present and previous findings, it can be concluded that in young ski racers, overuse problems are more
relevant in the lower extremities, whereas the older the athletes are, the more overuse problems in the
trunk become more relevant [5].

4.3. The Role of Chronological and Relative Age in Injury Risk Identification

Chronological age seems to be a relevant factor in traumatic injury risk identification. A statistically
significant higher risk for traumatic injuries was found in 10-year-old athletes (OR = 3.36). The highest
rate of injured observations was found during the competitive season after the first investigation of the
athletes, when they were in mean 10.6 ± 0.3 years old. This finding might be explained by the different
preconditions of the young ski racers before frequenting the ski boarding school. After having passed
the entrance exam for the school, which normally takes place in the fall, they start with their dual career
(school and ski racing) in September (first examination of the athletes in present study). Some athletes
had already trained with experienced coaches and were already well-prepared, whereas others did not
have any planned training sessions except for participating in ski races; thus, an inhomogeneous group
of athletes might start with the first school year. However, all of them have then the same training
loads of skiing-specific and athletic-specific training. It might be assumed that these loads are too
much for some athletes during the first months in the new school; together with the new life in the
boarding school and psychological stress to perform well, it might lead to the high traumatic injury
rates in this age group. This result is in line with a study in youth soccer, in which an association
between traumatic injuries and chronological (younger) age was found [32]. In this context, in the
future, it might be necessary to adapt the training loads based on the diverse preconditions of the
pupils when entering the school.

Chronological age might be more relevant in identifying athletes at higher risk for sustaining
traumatic injuries than relative age. In line with a previous study in youth ski racing [4], in which
no difference in frequencies of traumatic injuries between the four relative age quarters was found,
the relative age quarter was not identified to be a significant risk factor in the present study. However,
the fourth relative age quarter was considered as a reference in the statistical analyses, which means
that the other three quarters were compared with Q4. As it was also assumed by Müller et al. [4],
relatively younger athletes, who might be expected to be at a higher injury risk based on previous
findings in different sports (a.o., [32]), may have counteracted their relative age disadvantage if they
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were more mature and possibly at a higher level of physical fitness. Thus, they might present the same
physical conditions as their relatively older counterparts and therefore, they might not be at a higher
injury risk.

4.4. The Role of Biological Maturity in Injury Risk Identification

Although not significant in the present dataset, pre-pubertal athletes might be more at risk for
traumatic injuries compared to post-pubertal athletes, as at least a tendency was observed. This finding
seems plausible, since Kemper et al. [33] showed that anthropometric characteristics such as rapid
growth rates and BMI increase seem to identify youth athletes at high injury risk; this seems particularly
true between the year before PHV and the year of PHV [9,11]. Additionally, Caine et al. [34] found the
adolescent growth spurt to be a time of an increased risk for sports injuries; an association between
PHV and peak fracture rate was found. Jayanthi et al. [35] additionally revealed that growth plate
tissue may be more vulnerable to injury during periods of rapid growth, which means that athletes are
more susceptible to injuries during rapid phases of growth, which might be true for pre-pubertal as
well as pubertal athletes but not for post-pubertal athletes. Growth spurts might lead to changes in
the ratios of muscle strength to body or limb mass and moments of inertia; soft tissues may sustain
increased stress and strain [36]. Individual monitoring of anthropometrics and corresponding growth
spurts is necessary to determine an increased risk of injury occurrence [36]. Regular assessments
of anthropometric characteristics, e.g., all three months, should be performed in order to be able to
consider growth rates in future studies, which is especially important for the age group of athletes
prior to or at the beginning of puberty [37,38].

In contrast to traumatic injuries, a tendency was present that post-pubertal athletes might be
more prone to overuse injuries. Previous findings in youth ski racing identified lighter athletes at a
higher injury risk [6]. Thus, the present results revealing a significant higher injury risk in athletes
being in the higher weight percentile group compared to the lower percentile group (OR = 0.38) was
surprising and cannot really be explained. It should be noted in this context that unlike previous
studies, the present GEE analysis does not exclusively compare heavier versus lighter athletes (due to
repeated measurements across athletes). This approach may consider intra-individual fluctuations
over the four seasons, e.g., comparing not only between separate athlete groups, but also between
different time points, where athletes fall into different weight percentiles.

Previous studies in soccer [11,12] and youth ski racing [6] showed that late maturing athletes
were at a higher risk for sustaining traumatic and overuse injuries, whereas in the present study,
no significant difference in injury risk for both types of injuries was identified between early, normal,
and late maturing athletes. However, in the study of Müller et al. [6], an association was identified only
between APHV and injury severity; namely, athletes with lower APHV values, which means that they
are earlier maturing, were more likely to miss fewer days of training due to injuries. In the present
study, injury severity was not considered in identifying risk factors, which means that minimal, mild,
moderate, and severe injuries were included combined. However, the results are in line with those
of Müller et al. [6] showing no difference in injury risk in general (injured or not) between different
maturity groups. With respect to overuse injuries, the unexpected finding that a tendency was present
for early maturing athletes being at a higher risk was found. Even though this result cannot really
be explained, as previous studies in soccer showed a higher risk of sustaining overuse injuries for
late maturing athletes [11], it leads to the assumption that traumatic and overuse injuries should be
considered separately when talking about injury risk among athletes of differing maturity statuses.

4.5. Gender-Specific Differences in Injury Risk

Previous findings on the role of sex in injury risk included that female adolescent ski racers
(15–19 years) were at a twofold higher risk of sustaining a rupture of the ACL than their male
counterparts (relative risk of 2.3) [13]; similar findings were found in older studies for World Cup
athletes [39,40]. However, other studies in elite ski racers revealed that male athletes were at a higher
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risk for injuries in general and for time-loss injuries than females [29,41]. Spörri et al. [3] concluded
that the influence of sex might depend on the type of injury, as females might be at a higher risk
for ACL injuries and injuries at the knee in general. In other types of sport, such as basketball and
soccer, a fourfold to sixfold higher risk in sustaining an ACL injury was found for females compared
to males, independent of the age of the athletes [42,43]. However, in the present study, sex did not
play a role in injury risk identification of both traumatic and overuse injuries. This might be explained
by the fact that all injuries were considered combined (separated by traumatic and overuse injuries),
and specific injuries, such as ACL injuries, were not analyzed separately. In the present sample,
only three ACL ruptures occurred; two of them affected female athletes. A slightly higher percentage of
males were affected by traumatic injuries (19.2%) compared to females (16.2%), whereas approximately
7% of both males and females were affected by overuse injuries. These findings are in line with a
previous study in youth ski racing [4], in which no sex-specific differences were found in the occurrence
of traumatic injuries; it was hypothesized that this might be associated with similar training-load
exposure, as skiing-specific and athletic-specific training sessions were conducted together for males
and females [4], which was also the case in the present study. In addition, Raschner et al. [13] argued that
during alpine ski racing events, the influence of external factors, such as weather and snow conditions,
overrule gender-specific risk factors such as anatomical differences or hormonal influences. It might be
hypothesized that anatomical and hormonal differences might be more relevant after puberty.

Thus, it can be concluded that in the age group of 10- to 14-year-old ski racers, sex does not
represent a critical factor for sustaining injuries. This might be explained by the fact that in this age
group, males and females do not present great differences in physical performance and therefore,
they might be similarly prepared for the demands in ski racing. Additionally, in the ski boarding school,
males and females participate in the same training sessions together, and therefore, they have the same
training loads and contents; they participate in the same races with the same difficulties. Only males
and females starting at the FIS age participate in diverse races with different conditions/difficulties.

4.6. The Role of Core Flexion to Extension Strength Ratio in Injury Risk Identification

One study in adolescent ski racing revealed core strength imbalances as an ACL injury risk
factor in male athletes [13]. Male athletes who sustained an ACL injury showed either much higher
mean values (1.10), indicating that their core flexor muscles were too strong, or lower values (0.65),
indicating weak trunk extensor muscles [13]. Insufficient core strength, inappropriate recruitment
of the core muscles, and imbalances of these muscles might contribute to low back pain (LBP) [44],
which represents a severe overuse problem in alpine ski racing in elite athletes [3] and adolescent
athletes [5]. Even though LBP is not such a severe overuse problem in youth ski racers, as most of the
overuse injuries were located in the lower extremities (82.4%) and only 17.6% were located in the trunk
in the present study, a well-balanced core strength seems important in an injury prevention context.
However, the present results did not reveal a significant association between core strength ratios and
injury risk according to the GEE analysis. In this context, the used threshold of the core flexion to
extension strength ratio of >1 and ≤1 has to be critically considered, as reference values of “good” or
“weak” or “high risk” trunk strength ratios of alpine ski racers do not exist in the literature. In the
present study, the ratio was defined only as stronger flexors or stronger extensors.

5. Limitations

The main limitation of the present study was that despite prospectively monitoring athletes over
a period of four years, still, a low number of injuries was reported, especially of overuse injuries.
This fact is of course desirable for the athletes and underlines the well-prepared and planned talent
development work done in the ski boarding school, but it makes it difficult to have sufficiently powered
datasets. Furthermore, it is unclear whether the used coding of diverse variables was appropriate,
as for example, the threshold value of the core strength ratios of >1 versus 1 and smaller. However,
the main strength of the present study was the long period for a prospective study: namely, four years.
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Additionally, the GEE analysis is a relatively new way of identifying risk factors in youth ski racing by
combining several seasons and considering the data structure of repeated measurements. A new aspect
of the present study was considering traumatic and overuse injuries separately, because potentially
different mechanisms and consequently different risk factors are assumed. As some significant risk
factors for traumatic injuries were identified (chronological age, weight percentile group; tendency:
pubertal status), no significant risk factor was found for overuse injuries. Therefore, future studies
including other parameters, such as growth rates, are necessary in order to be able to identify risk
factors for overuse injuries as well.

6. Conclusions

The present study was the first prospective study investigating possible risk factors for traumatic
and overuse injuries in youth alpine ski racers over a longer period (4 years). Anthropometric
percentiles, biological maturity status, core flexion to extension strength ratio, as well as sex, relative age,
and chronological age were included as possible injury risk factors. With respect to traumatic injuries,
only two injury risk factors were identified: age and weight percentile. Puberty status showed a
tendency for a higher injury risk for pre-pubertal athletes. The analyses did not reveal a significant risk
factor for overuse injuries; maturity group, puberty status and height percentile showed only tendencies
in the analysis. Based on these results, it can be concluded that injury prevention programs in youth ski
racing should consider chronological age and biological maturity. Additionally, traumatic and overuse
injury risk should be considered separately. In future studies, growth rates should be considered in
order to consider the impact of growth.
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