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Abstract

Figure skating is associated with a high prevalence of sport-specific injuries and overuse
symptoms. Impacts are of greater magnitude in jumps with more revolutions that are thus
connected to a greater risk of injury. While figure skating programs seem to have recently
increased in difficulty, performance trends have not yet been reported in the literature. We
hypothesized increasing performance and decreasing age trends of the best athletes who
competed at international level in recent years. Furthermore, we aimed to identify and ana-
lyse objective performance parameters and to assess a potential link between age and the
risk of injury. The development of the number of double, triple and quadruple jumps in the
singles figure skating events at the World and European Championships since the introduc-
tion of the new ISU Judging System in the 2004/2005 season was analysed using regres-
sion statistics and Student’s T-Tests. In all groups, the numbers of jumps with fewer
rotations significantly decreased in the favour of jumps with more rotations. Women only
started to perform jumps with four rotations in 2019. In the men, the number of quadruple
jumps increased from an average of less than one to more than three in recent years (Euro-
pean and World Championships, both p <0.001). In the European, but not in the World
Championships, the average age increased in the men and decreased in the women (Euro-
pean Championships, men and women p = 0.006). Our study was the first to assess perfor-
mance trends in elite figure skating. The incidence of injuries and overuse syndromes in
figure skating needs to be monitored cautiously, as increases can be expected following
recent gains in performance and jump complexity.

1. Introduction

Figure skating is a popular winter sport and part of the Olympic Winter Games [1]. It is associ-
ated with a high prevalence of sport-specific injuries, especially stress fractures and muscle
strains, as well as of overuse symptoms, such as tendinitis, patellofemoral syndrome, and low-
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back pain [2-5]. In the singles skating events, overuse symptoms are more prevalent than
acute injuries, while in pair skating, ice dancing and synchronized skating it is the other way
around [6]. The most frequently injured locations are the ankle, knee, tibia and hip/groin [7,
8]. Acute and upper extremity injuries are more frequent in partner disciplines due to the
throws and lifts performed [6]. The overall career prevalence of stress fractures was found to
be 24% in all athletes, and 33% in those who train 12x or more per week, independent of sex
[8]. In another study, the 1-year prevalence of a severe sports injury episode was 31% [7].
Older age and an increased number of skipped meals per week were associated with a sports
injury episode [7]. In figure skaters, due to massive impact forces, bone mineral density, tra-
becular bone mineral density, and bone strength are increased in the landing leg compared to
the take-off leg [9, 10].

In multi-revolution jumps, the time for the force to dissipate is shorter when there are more
revolutions, while jump height and vertical velocity at take-off do not significantly differ
among single, double, and triple revolution jumps [10, 11]. Thus, the impacts are of greater
magnitude and more intense in jumps with more revolutions, and associated with a greater
risk of injury [10]. Athletes with higher skills generate greater vertical velocities during take-off
[11]. Differences between triple and quadruple jumps include the timing of hip and shoulder
rotation before toe-pick, increases in rotational velocity with tighter rotating positions for lon-
ger durations, and greater vertical velocity due to more powerful extension of the legs [12]. In
recent years, programs have increased in difficulty [13]. In line with this, at international elite
championships, numbers of revolutions in jumps seem to have increased as well. Due to the
increasing difficulty of jumps with more rotations, the number of jumps might serve as an
objective parameter of performance and help to study performance trends.

Some authors have speculated about a plateau of human sports performance in elite sports
[14-17]. Others reported a slower asymptotic increase in elite peak performance [18]. Declin-
ing performance trends were found in elite track and field [19], that might be due to increas-
ingly strict anti-doping regulations [20, 21] or due to changing popularity of sports, i.e.
towards extreme sports, climbing, BMX and e-sports [22-24]. Performance trends have not
been previously reported for figure skating, but are of interest to evaluate risk trends for injury
and chronic strain. Since figure skating is not associated with results in times or distances, as
compared to sports such as swimming, cycling or track and field [25-28], other measures need
to be found to estimate the athletes’ performance for such an analysis. Therefore, in this study,
to study performance in an objective way, the number of turns of the jumps were used as
judged by a technical panel based on a restrictive set of technical rules. Falls, under-rotated or
downgraded jumps were not considered. Only the definitive jump performance recognized by
the technical jury was taken into account and evaluated. In addition to performance or diffi-
culty trends, age trends are of interest to assess risk profiles, especially with regard to the fact
that older age was associated with more sports injuries [7]. We hypothesized increasing perfor-
mance and decreasing age trends of the best athletes who competed at the European and
World Championships in recent years.

2. Materials and methods

Ethical approval was obtained from the IRB of Saarland Medical Board (Arztekammer des Saar-
landes, application number 135/21). The need for consent was waived by the ethics committee.

2.1 Regulations

The World and European Championships are regulated by the International Skating Union
(ISU) [29]. In the season 2004/2005, the new ISU Judging System replaced the 6.0 scoring
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system, which had been in place since the 1891 European Championships in Hamburg. We
only analysed results since 2005 to guarantee comparability, since the new regulations made
jumps with more revolutions more interesting for athletes. During competition, scoring is
conducted by combining a base value with the grade of execution (GOE), which results in the
combined technical elements score (TES) [30]. As the GOE is a subjective score that might dif-
fer among judges, we chose to analyse the number of rotations in the jumps performed as an
objective measure. The number of turns as well as the correct execution of the jumps are
assessed during the championships by the technical panel. The technical panel consists of two
technical specialists and a technical controller. Evaluation is conducted on the basis of a
restrictive set of technical rules, so that an objective evaluation of the technical execution and
the number of rotations performed is ensured. In figure skating, the official terminology uses
the term ‘Ladies’ (L) for women and ‘Men’ (M) for men.

2.2 Jumps and turns

The jumps are the outstanding features of the individual disciplines. We chose this approach,
because the difficulty of the jumps increases with the number of rotations in the air. Thus, the
number of rotations not only reflects the performance level in general, but also the increasing
forces acting on the athlete’s body. The following jump types exist in the singles figure skating:
Toe Loop, Loop, Salchow, Flip, Lutz and Axel. Each of these jumps can be executed with two,
three or four rotations. Seven jumps and no more than two identical ones are to be delivered
by each athlete during competition. The number of jumps, jump sequences and jump combi-
nations is determined by the current scoring system of the International Skating Union Special
Regulations & Technical Rules. This system provides details on the scoring value of each ele-
ment that varies with the way elements and jumps are combined. It also specifies how many
jumping elements a well-balanced Free Skating program must contain. Whether these jumps
are performed as double, triple or quadruple jumps is up to the athletes according to their abil-
ity and the choreography of the program. Athletes adapt to the current rules by weighing the
benefits of jumping against the risks, taking into account their own preferences and personal
skills.

2.3 Figure skating disciplines

On international level, the five disciplines in figure skating are the ladies’ singles, men’s singles,
pair skating, ice dance, and synchronized skating. The broad spectrum of requirements in fig-
ure skating includes jumps with multiple revolutions in the air in the individual performances
of the single ladies and men, acrobatic lifting and throwing elements in pair skating, as well as
aesthetic, athletic dance performances in ice dancing and in the synchronized group perfor-
mances of up to 20 skaters in synchronized figure skating. Among the Olympic disciplines, we
analysed the singles in the present study, as the other disciplines contain only a limited number
of jumps due to differences in the scoring system and performance evaluation. In addition, the
kinematic of the throw jumps in pair skating differ from the jumps in the singles.

2.4 Statistical analyses

The datasets analyzed for this study are third party data and can be found on the website of the
International Skating Union (ISU): https://www.isu.org/figure-skating/entries-results/fsk-
results [29]. Via this URL, others can access these data in the same manner as the authors. The
authors did not have any special access privileges that others would not have.

We assessed the number of double, triple and quadruple jumps via the results databases of
the respective international championships, which are freely accessible via the ISU website
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[29]. For each year and sex, the age and number of jumps with multiple revolutions of the best
five athletes were used for analyses. The different years for the analysis of jumps and age are
due to the different availability of data. We chose to analyze the best five athletes of each com-
petition and group only, as the differences in performance are huge between the top athletes
and the lower-ranking ones. IBM® SPSS®) Statistics version 27 was used for statistical analy-
sis. Normal distributions of data were tested by the Kolmogorov-Smirnov and Shapiro-Wilk
tests. All data were normally distributed. Regression statistics were performed to compute the
slope and coefficient of determination for changes in age and the numbers of jumps over time.
To analyse for time-differences in age and numbers of revolutions, two-tailed Student’s t-tests
were applied. Averages of the best five athletes in each category of each event in each year were
calculated. Changes in average age were analysed for the European and World Championships
of the years 2000-2020. Differences in numbers of multi-revolution jumps were analysed for
the European and World Championships of the years 2005-2019. Effect sizes are reported as
Cohen’s d (very small d = 0.01, large d = 0.80, huge d = 2.00). Significance was assumed at

p < 0.05.

3. Results

3.1 Age trends

The average age differed significantly between men and women (p < 0.001, d = 1.096,

men > women, averages: men: 21.9 + 3.0 years, women: 20.4 + 3.4 years, data pooled for
World and European Championships, years 2000-2020, 21 years). Results of the regression
analyses over time and p-values for the statistical tests are shown in Table 1. A significant age
difference was found between the first and the second decade of the 21st century for the Euro-
pean, but not for the World Championships. This finding was similar for women and men.
The average age increased in the men and decreased in the women. Fig 1 shows the age trends
over time and the associated regression parameters spanning both decades. A high age varia-
tion was found that is reflected by low R” values as indicated in Fig 1.

3.2 Numbers of jumps

In total, 15 World and 16 European Championships were analysed. Women and men per-
formed double and triple jumps, while quadruple jumps in the women only appeared in 2019.
The numbers of double jumps decreased significantly over time in both sexes in the World
Championships, while in the European Championships, the difference was only significant for
the women. In the men, the number of quadruple jumps increased from an average of less
than one to more than three in recent years. Results of the regression analyses and p-values for
the statistical tests are shown in Table 2. Fig 2 shows the trajectories of the average numbers of
jumps and indicates that the numbers of jumps with fewer rotations decreased in the favour of
jumps with more rotations.

Table 1. Regression slopes of the average age (in years of age per year), the difference (A), p-values (one-sided Student’s T-Test), and effect size (d).

L World Championships

M World Championships

L European Championships
M European Championships

Average:

https://doi.org/10.1371/journal.pone.0265343.t001

Slope 2000-2009 Slope 2010-2019 A P d
-0.172 -0.418 0.246 0.444 0.068
0.080 -0.039 0.119 0.461 0.046
-0.076 -0.440 0.364 0.006 1.336
0.301 -0.216 0.517 0.006 1.343
0.033 -0.278 0.312
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Fig 1. Trends of the average age. Trends of the average age of the best five female (L) and male (M) athletes each who competed in the
singles categories at the European and World Figure Skating Championships since the year 2000. Regression analysis was performed to
show trends over time. The regression function and the coefficient of determination (R?) are shown for each group and indicate high
variations in age.

https://doi.org/10.1371/journal.pone.0265343.9001

Table 2. Regression slopes (in jumps per year) for each jump type, the difference (A), p-values (one-sided Student’s T-Test), and effect size (d).

Jump type Slope 2005-2011 Slope 2012-2019 A P d
L World Championships Double 0.121 0.000 0.121 <0.001 2.434
Triple -0.079 -0.019 0.060 <0.001 2.533
M World Championships Double -0.033 -0.307 0.274 0.005 1.656
Triple 0.114 -0.143 0.257 0.042 0.705
Quadruple 0.031 0.441 0.410 <0.001 2.246
L European Championships Double 0.279 -0.190 0.469 0.002 1.865
Triple -0.064 0.087 0.151 <0.001 2.793
M European Championships Double 0.150 -0.257 0.407 0.189 0.486
Triple -0.021 0.117 0.138 0.033 1.137
Quadruple -0.036 0.118 0.154 <0.001 3.644
Average: 0.055 -0.030 0.244
https://doi.org/10.1371/journal.pone.0265343.t002
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Fig 2. Trends of the average number of double, triple and quadruple jumps. Trends of the average number of double, triple and quadruple jumps of the best five
female (L) and male (M) athletes each who competed in the singles categories at the European and World Figure Skating Championships since the year 2005. Regression
analysis was performed to show trends over time. The regression function and the coefficient of determination (R?) are shown for each group. (A) and (B): World
Championships, (C) and (D): European Championships.

https://doi.org/10.1371/journal.pone.0265343.9002

4. Discussion

The present study analysed numbers of double, triple and quadruple jumps in the singles fig-
ure skating events at the World and European Championships to assess trends in performance
and age. In the European, but not in the World Championships, the average age increased in
the men and decreased in the women. In all groups, the numbers of jumps with fewer rotations
decreased in the favour of jumps with more rotations. Women and men both performed dou-
ble and triple jumps, while women only started to perform jumps with four rotations at inter-
national elite championships in 2019. In the men, the number of quadruple jumps increased
from an average of less than one to more than three in recent years. Our study was the first to
assess and show performance trends in elite figure skating in the ladies’ and men’s singles
categories.

4.1 Recent increases in performance

The present study detected much more pronounced increases in figure skating performance
when compared to data from sprint and distance running [16], while a plateauing of perfor-
mance was reported in other sports [14-17]. In the past three years, increasing numbers of
female ice skaters have started to show quad jumps in competition. Similarly fast increases in
performance as in the ladies’ figure skating have been observed in pole vault when it became
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Olympic for women [31]. The main reason for the exceptional performance increase in figure
skating, which is reflected in greater numbers of rotations in jumps, seems to be that recent
changes in regulations led to a greater incentive for more complex jumps. In addition, techni-
cal improvements in skate development, as well as innovations in training and preparation
have likely contributed. Technical improvements include custom-made skates with better sta-
bility support for the ankle joints and increasing comfort despite a reduction in weight. Articu-
lated figure skates were invented and tested with the aim to reduce impact forces and the
incidence of injury [32]. However, they were not accepted by skaters and eventually discontin-
ued after a few years. In addition, improvements of figure skating rinks and arenas, such as
better ice and air quality might have led to more athlete-friendly conditions [33, 34]. With
regard to age, increases in the average age of the men suggest that they should be particularly
monitored for injuries, since older age was found to be connected to more sports injuries [7].

4.2 Implications for injury and overuse symptoms

As jumps with more rotations are associated with impacts of greater magnitude and intensity,
the recent developments found in the present study should be monitored concerning injury
rates and chronic degenerative damage in athletes. This is especially true for the women who
reach their peak performance level rather earlier than later as compared to before. The particu-
larly high incidence of overuse injuries in the single disciplines, among other things, is due to
their increasing technical difficulty with jumps that are more complex and connected to longer
training times [6]. To achieve the increased level of technical difficulty and to avoid injury,
skaters are required to continue to develop their physical skills such as agility, strength and
power [11]. In addition, strengthening of the feet and ankles, as well as the promotion of lower
extremity flexibility may prevent many of the common lower extremity injuries [6]. As jumps
with more rotations are associated with impacts of greater magnitude and intensity, these
recent developments should be monitored about injury rates and chronic degenerative damage
in athletes, especially in the women who reach their peak performance earlier than before.

4.3 Implications for the improvement of training

Training exercises that emphasize eccentric and centric muscle actions and that can be adapted
to asymmetric or unilateral movements are a critical component of off-skating training pro-
grammes for figure skaters [11]. Progress has been made in the development of off-ice strength
and conditioning training, with an increasing emphasis on the importance of core and upper
body strength exercises [11]. For stable performance development toward more triple and qua-
druple jumps, it is essential that off-ice training includes exercises specifically designed to
strengthen the abdominal and core muscles so that young athletes can compensate for the
forces encountered on the ice during jumps and landings, thus preventing acute injuries and
overuse symptoms. Altitude training, by a reduction of air resistance, is known to affect perfor-
mance in sports involving high velocities and technical skill components, such as ski jumping,
speed skating, figure skating and ice hockey [35]. In addition, nutrition is of great relevance
for winter sport athletes and plays a crucial role in figure skating, where attention should be
given to an increased energy expenditure, accelerated muscle and liver glycogen utilization,
exacerbated fluid loss, and increased iron turnover [36].

4.4 Methods to analyse performance in figure skating

In figure skating, a median rank aggregation system is used to determine medal winners that is
susceptible to idiosyncratic ratings by individual judges [37]. To analyse the athletes’ perfor-
mance trends in the most objective way, we chose only to use measures that are independent
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of judges’ ratings. The number of revolutions in a jump is a suitable parameter that reflects
performance, as jumps with more rotations are more difficult than jumps with less rotations,
since higher vertical velocities are necessary and larger forces occur [10, 11]. The variation
among judges, however, becomes less relevant, the larger the data set. While our data set was
comparably small, in studies that include a great amount of figure skating results, other param-
eters might be even more beneficial to study performance. The limitation of the present data
set is the small amount of data that was due to the implementation of the new ISU Judging Sys-
tem in the season 2004/2005. The major strength of our study is that it is the first to report per-
formance changes over time in elite figure skating in the singles categories of ladies and men.

5. Conclusions

The present study was the first to analyse performance and age trends in elite figure skating in
the singles categories of ladies and men. We showed that at the European and World Champi-
onships, the numbers of jumps with fewer rotations decreased in favour of more difficult
jumps with more rotations. These results indicate a recent increase in performance in figure
skating. As jumps with more rotations are associated with impacts of greater magnitude and
intensity, these recent developments should be monitored concerning injury rates and chronic
degenerative damage in athletes, especially in the women who reach their peak performance
level earlier than before.
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