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ABSTRACT

This study aimed to investigate the associations between peak plantarflexion ankle joint
moments and vertical ground reaction forces (VGRF) during jump landings, and static ankle
dorsiflexion range of motion (ROM), three-dimensional ankle excursions, and lower extremity
strength in professional ballet dancers. Twenty-seven professional ballet dancers volunteered
to participate (men = 14, women = 13). Participants attended one data collection session to
measure dorsiflexion ROM and isometric lower extremity strength. Two further sessions were
used to establish ankle mechanics and vVGRFs during countermovement jump landings in seven
foot positions, via a seven-camera motion capture system and piezoelectric force platform. Two
linear mixed-effects models were used to investigate associations between the target variables
and strength, dorsiflexion ROM, and ankle excursions. Dancer identification, sex, and foot
position were entered as random effects. Model fit, when considered independent of random
effects, was generally poor with the predictor variables explaining little of the variance of peak
plantarflexion ankle joint moments (R? = 0.02) or vGRF (R? = 0.01). Model fit improved when
random effects were considered (R? = 0.65 & 0.34). Frontal plane ankle excursion was the only
predictor variable with a significant negative association with peak plantarflexion ankle joint
moments (p = .016), although coefficient estimates were small. Strength, static ankle
dorsiflexion ROM, and three-dimensional ankle excursions are poor predictors of load
experienced at a joint and system level in professional ballet dancers. Differences between
individuals, sex, and foot position may be better indicators of the load experienced during jump
landings.
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INTRODUCTION

Investigating the athletic demands of professional ballet will better inform training prescription
in the context of performance and injury [1]. To that end, professional ballet training is
characterised by a high volume of pliés, leg raises, jumps, and partner lifts [2]. Jumping is one
area that has received attention [3], due to the associated injury risk [4,5]. Jumping was
recorded as the inciting event in 38% and 27% of time-loss injuries in professional male and
female ballet dancers [5]. The distal lower extremity—collectively the foot, ankle, and shank—
incur the greatest burden of injury [5]. Specifically, traumatic lateral ankle sprains and overuse
bony stress fractures and stress responses are the most common jump-related injuries [5].
Subsequently, more emphasis is being placed on the biomechanics of jumping in ballet with a
particular focus on the distal lower extremities [3,6].

It is well documented from laboratory case reports that the global biomechanics of a lateral
ankle sprain is typically associated with excessive plantarflexion and inversion when moving
or landing from a jump [7-10]. It can be more challenging, however, to identify the contributing
factors to an injury with an insidious onset, such as bony stress fractures or stress responses.
The interaction between load exposure, tissue damage, and tissue adaptation is complex and
challenging to measure [11-14]. Edwards [13], suggested that cyclic loading of biological
tissue—such as a high frequency of jumping on cortical bone properties—can result in tissue
failure consistent with a mechanical fatigue process. Further, an increase in the magnitude of
load that biological tissue is exposed to is not proportionally linear to the damage that the tissue
experiences, such that higher loads cause disproportionally more damage compared to lower
loads [12,13]. Thus, understanding the moderators of load magnitude during jumping and
landing may reveal specific physical qualities that are associated with lower tissue damage
during jumping which might be screened to facilitate targeted interventions.

Lower extremity strength may be clinically meaningful when interpreting lower extremity joint
mechanics during landing, as greater strength affords more movement opportunities such that
a dancer (or athlete) is able to modulate the degree of joint stiffness upon landing [15]. The
ability to modulate joint stiffness upon landing can directly influence the load experienced by
the lower extremity, where stiff landings results in higher peak forces and compliant landings
result in lower peak forces [16,17]. Lower extremity strength is only one potential moderator
when considering a dancer's biomechanics on landing. Howe et al. [18], for example,
demonstrated that both strength and mobility—specifically ankle dorsiflexion range of motion
(ROM)—should be considered when assessing how landing strategies might moderate peak
forces. Ankle dorsiflexion ROM can directly influence the movement affordances available to
the ankle and knee throughout the landing phase of a jump, facilitating more compliant
landings, and potentially reducing peak forces [19].

This study aimed to investigate the associations between peak ankle joint moments and vertical
ground reaction forces (VGRF) during jump landings and static ankle dorsiflexion ROM, three-
dimensional ankle excursions, and unilateral isometric lower extremity strength in professional
ballet dancers.

METHODS

STUDY DESIGN

A cross-sectional study design was employed to investigate the determinants of peak
plantarflexion ankle joint moments and VGRF during jump landings in professional ballet



dancers. Participants attended three data collection sessions in a randomised order, separated
by 13.5 £ 20.6 days. One session was used to establish maximum strength and range of motion
of the lower extremity. Maximum strength was established using unilateral variations of
maximal isometric force tests across the squat, standing plantarflexion, and seated
plantarflexion positions [22]. Static ankle dorsiflexion ROM was established during a weight-
bearing lunge test [23]. Two sessions were used to establish ankle mechanics and VGRF
variables during countermovement jumps in seven different foot positions (Figure 1). All
testing was conducted in the Royal Opera House, UK.

PARTICIPANTS

A sample of 27 professional ballet dancers volunteered to participate in this research (men: n
= 14, age: 26.7+£4.9 y, height: 1.79 £ 0.04 m, mass: 72.6 + 5.2 kg; women: n = 13, age:
24.0 £ 3.7y, height: 1.68 + 0.04 m, mass: 55.2 + 3.3 kg). Participants were required to be injury
free and have not sustained a time-loss injury in the six weeks prior to data collection. Written
informed consent was provided by all participants and ethical approval was granted by St
Mary’s University Ethics Committee, in accordance with the Declaration of Helsinki.

PROCEDURE
Isometric Force and Weight-Bearing Lunge Testing

Following a progressive and standardised warm-up participants performed three five-second
maximal isometric contractions on the right limb during a unilateral squat, unilateral standing
plantarflexion, and unilateral seated plantarflexion test [22]. A twenty-second inter-repetition
and a two-minute inter-set recovery were provided.

The vGRF data were collected using a force platform incorporating 4 strain gauge load cells
(MUSCLELAB, Ergotest Innovation AS, Stathelle, Norway) sampling at 1000 Hz. An
isometric rig, with 2.5 cm adjustable vertical spacing, and a barbell (Sportesse, Somerset,
United Kingdom) were used for all tests, with a 3.3 cm thick foam pad (Power Guidance,
London, England) around the barbell for comfort. Bodyweight was calculated from a five-
second static trial where participants were standing motionless on the force platform.
Participants were required to wear their own shoes during testing. Participants were instructed
to “push maximally into the barbell” before each trial. Each trial was initiated by the researcher
instructing the participant to adopt the relevant position and then counting down “3, 2, 1, Push”.
The force platform was zeroed prior to each set. A detailed outline of each of the isometric
force tests conducted is described elsewhere [22].

Three weight-bearing lunge tests were completed with each participant. The maximum shin
angle during each weight-bearing lunge test was recorded using an inclinometer (Acumar
Digital Inclinometer, Lafayette Instrument Company, Indiana, USA). A detailed overview of
the testing procedure is described elsewhere [23].

Jump Testing

Participants completed a standardised and progressive warm-up prior to testing. Retroreflective
markers (22 mm diameter) were attached to the right: greater trochanter, medial and lateral
joint lines of the knee, medial and lateral malleolus, posterior aspect of the calcaneus, superior
aspect of the navicular, medial aspect of the 1% metatarsal head, and the lateral aspect of the 5%
metatarsal head using double-sided adhesive tape and adhesive spray. A curved rigid moulded



cluster with four retroreflective markers was attached to the lateral aspect of the right shank
using cohesive elastic tape and electrical tape (Figure 2).

Participants completed five maximal bilateral countermovement jumps across seven different
foot positions during one data collection session. These positions included parallel, first,
second, fourth with the front foot on the force platform, fourth with the back foot on the force
platform, fifth with the front foot on the force platform, and fifth with the back foot on the force
platform (Figure 1). Foot positions were grouped based on their biomechanical profile during
jump landings (parallel, grouped first and second position, grouped front foot, and grouped
back foot). Participants also completed five maximal bilateral countermovement jumps across
parallel and first positions during a separate data collection session. The reliability of ankle
mechanics and VGRF measures during jump landings in professional ballet dancers are
presented elsewhere [24].

Prior to jJumping, the right limb was positioned on the force platform and the left limb was
positioned on a wooden frame that surrounded the force platform (Figure 1). The participant's
hands were placed on their shoulders for all jumps. Order effects were mitigated by alternating
jumps until one jump in each foot position was performed within a set. Twenty seconds of
inter-rep rest and two minutes of inter-set rest were provided [25].

A seven-camera motion capture system (MX3/MX3+, Vicon Motion Systems Ltd, Oxford,
United Kingdom) sampling at 200 Hz, and one piezoelectric force platform (9268A, Kistler,
Winterthur, Switzerland) sampling at 1000 Hz synchronously recorded retroreflective marker
coordinates and ground reaction forces, respectively. The global coordinate system was defined
such that Z was vertical, X was mediolateral, and Y was the cross-product of Z and X.

DATA ANALYSIS
Isometric Force and Weight-Bearing Lunge Testing

Peak VGRF was extracted following maximal isometric trials directly from the force platform
software and no filtering was applied. Mean VGRF was extracted from static bodyweight trials
and used to calculate VGRF relative to body weight. The mean + standard deviation (SD) of
the relative vVGRF was then calculated for each position. The mean + SD of peak shin angle
during the three weight-bearing lunge trials was calculated as a measure of static ankle
dorsiflexion ROM.

Jump Testing

Marker trajectories were reconstructed and labelled in Vicon Nexus (Vicon Motion Systems
Ltd, Oxford, United Kingdom) before being processed in Visual 3D (v2021.113 C-Motion®©,
USA). All marker trajectory gaps consisted of seven frames or fewer and were interpolated
using cubic splines. A foot and a shank segment were created in Visual 3D. The foot was
defined by the medial and lateral malleolus as the proximal endpoints and the medial aspect of
the 1% metatarsal head and the lateral aspect of the 5" metatarsal head as the distal endpoints.
The shank was defined by the medial and lateral joint lines of the knee as the proximal
endpoints and the medial and lateral malleolus as the distal endpoints. Foot and shank segment
inertia parameters were defined in line with de Leva [26]. Individual and cluster markers for
the foot and shank were used to track segments during dynamic trials. Marker and ground
reaction force data were filtered at 8 Hz using a low-pass fourth-order Butterworth filter,
determined via residual analysis [27]. An inverse kinematics approach was used to estimate the



pose of the segments [28], allowing three degrees of rotation but no translation between the
foot and shank segments. Ankle joint angles were calculated using an XYZ Cardan rotation
sequence. Kinematic data and segmental inertial data were combined with ground reaction
force data to calculate plantarflexion ankle joint moment using inverse dynamics with the shank
segment used as both the reference segment and the resolution coordinate system [26]. Ankle
joint moment was normalised for comparisons between participants [29]—Ileg length was
replaced with height [30]:

. Moment
Normalised Ankle Moment = ——
mgh

Vertical ground reaction force data were reprocessed and filtered at 250 Hz using a low pass
fourth-order Butterworth filter, determined via residual analysis [27], to calculate normalised
VGRF:

vGRF
Normalised vGRF =

Vertical displacement—hereon referred to as jump height—was calculated as the difference
between the height of the greater trochanter in standing and at the peak of flight using the raw
marker coordinates.

The landing phase of each jump was extracted; the start of the trial was identified by the point
of initial contact following a period of flight where vVGRF was > 50 N and the end of the trial
was identified by the point at which data collection ceased. Peak values of ankle mechanics
and VGRF measures were then calculated through all planes of motion. Peak ankle joint
moment and peak landing VGRF were normalised to jump height [31]. Three-dimensional
ankle excursions were calculated by subtracting the minimum ankle angle from the peak ankle
angle across each plane of motion.

STATISTICAL ANALYSIS

Two linear mixed-effects models were constructed using the R package Ime4 [32]. The first
model was to establish associations between peak plantarflexion ankle joint moment and
dancer strength (squat, standing plantarflexion, and seated plantarflexion isometric force tests),
static ankle dorsiflexion ROM (weight-bearing lunge test), and three-dimensional ankle
excursions. The second model was to establish associations between peak VGRF and the
aforementioned predictor variables. For both models, strength, static ankle dorsiflexion ROM,
and three-dimensional ankle excursions were entered as fixed effects and the dancer's unique
identification, sex, and grouped foot position were entered as random effects. All numeric data
were scaled using the R base package before models were computed [33]. An alpha level of p
<.025 was set to account for the multiplicity of two outcome variables. Model goodness-of-fit
was assessed via a marginal (fixed effects only) and conditional (both fixed and random effects)
R? value using the R package MuMIn [34]. Normality, linearity, homoscedasticity, and
independence of residuals were confirmed for both models. The second model demonstrated a
non-normal distribution of residuals, however, linear mixed-effects models are robust to
violations of normality, and thus no transformation was applied [35]. All data processing and
statistical analysis were conducted using R (version 4.2.1, R Foundation for Statistical
Computing, Vienna, Austria).



RESULTS

Descriptive statistics for static ankle dorsiflexion ROM and unilateral isometric lower
extremity strength are presented in Table 1. Six jumps were corrupt and unable to be processed
and a further six jumps were identified as extreme outliers and subsequently removed (n = 12;
0.8%), as such a total of 1338 jumps were included in the analysis.

The linear mixed effects model investigating factors associated with peak plantarflexion ankle
joint moment revealed a significant main effect of frontal plane ankle excursion (p = .016),
however, coefficient estimates were negligible, such that a one-unit increase in the predictor
variable was associated with a 0.000009 decrease in frontal plane ankle excursions. No
significant main effects were observed for isometric squat strength (p = .301), isometric
standing plantarflexion strength (p = .653), isometric seated plantarflexion strength (p = .366),
static ankle dorsiflexion ROM (p = .850), or sagittal (p = .621) and transverse (p =. 597) plane
ankle excursions. The marginal R? value indicated that 2.3% of the variance in peak
plantarflexion ankle joint moment was explained by dancer strength, static ankle dorsiflexion
ROM, and three-dimensional ankle excursions. Conversely, the conditional R? value indicated
that 65.5% of the variance in peak plantarflexion ankle joint moment was explained by dancer
strength, static ankle dorsiflexion ROM, three-dimensional ankle ROM, dancer’s unique
identification, sex, and foot position.

The linear mixed effects model investigating factors associated with peak VGRF revealed no
significant main effects of any variable (p = .170—.942). The marginal R? value indicated that
1.0% of the variance in peak VGRF was explained by dancer strength, static ROM, and ankle
excursions. Conversely, the conditional R? value indicated that 34.3% of the variance in peak
VGRF was explained by dancer strength, static ROM, ankle excursions, dancer’s unique
identification, sex, and foot position. The coefficient estimates for both models are presented
in Figure 3. The raw data for both models are presented in Figures 4 and 5. The raw data
illustrating random factors are presented in Figures 6 and 7.

DISCUSSION

This is the first study to investigate the associations between peak plantarflexion ankle joint
moments and peak VGRF during jump landings and strength, ROM, and excursions in
professional ballet dancers. The results demonstrate that the variables selected as fixed effects
(strength, ROM, and excursions) have poor associations with the target variables, with none
associated with peak VGRF and only smaller frontal plane ankle excursions being associated
with greater peak plantarflexion ankle joint moments. Conversely, the random factors (sex,
foot position, and unique dancer identification) were better able to explain the variance in peak
plantarflexion ankle joint moments, and, to a lesser degree, peak VGRF.

No significant associations were identified between unilateral isometric lower extremity
strength and either of the target variables. Several studies have identified that lower extremity
strength characteristics are associated with desirable lower extremity biomechanics—such as
dynamic joint alignment, smaller vGRFs, and reduced joint stiffness or moments—during jump
landings [15,36-40]. Conversely, others have identified no association between lower
extremity strength characteristics and lower limb biomechanics during landing tasks [41-43],
one of which has even called for a paradigm shift in the design of injury prevention programs
as a consequence [42]. Much of the research that has found associations, however, have focused
on the strength characteristics and landing biomechanics of the knee and hip as opposed to the
ankle [15,36-40]. Further, several of these studies have selected lower limb kinematics—as



opposed to Kinetics—as their target variables due to the association between dynamic joint
alignment and anterior cruciate ligament injury [38-42]. It is plausible that kinematic
associations are present in the absence of kinetic associations in the aforementioned studies.
To the authors' knowledge, no previous literature has investigated lower extremity strength and
ankle joint moments. Greater ankle plantarflexion strength likely makes a desirable
contribution to tissue capacity and dynamic joint stiffness around the ankle; however, it does
not appear to predict landing biomechanics.

No associations between static dorsiflexion ROM and the target variables were observed.
Mixed findings have been reported in studies in which ankle dorsiflexion has been investigated.
Some authors have shown associations between dorsiflexion ROM and landing kinetics [44]
or kinematics [19,44], whereas others have not [19,45,46]. Further, some authors have
demonstrated joint-level associations (e.g., ankle or knee moments) but not system-level
associations (e.g., VGRF) [47] with ankle dorsiflexion ROM. Such conflicting findings have
previously been attributed to differences in movement strategies, where compensations in
frontal and transverse planes of motion have facilitated more compliant landings in individuals
with reduced dorsiflexion range of motion [48]. The reference data we provide, however,
suggest that all professional ballet dancers had high degrees of ankle dorsiflexion when
compared to the participants in similar research [44,46,47], although differences in assessment
methods were noted in two of the three studies. We speculate that there may be an interaction
effect between strength and static ankle dorsiflexion ROM that modulates joint stiffness and
dynamic joint alignment.

We observed associations between frontal plane ankle excursion and peak plantarflexion ankle
joint moments, such that smaller frontal plane ankle excursions may be indicative of larger
plantarflexion joint moments. In line with previous authors, frontal (or transverse) plane
excursions may manifest where additional ankle ROM is desired or a lack of dynamic joint
alignment is present [48]. It should be noted, however, that the model fit was poor and the
coefficient estimates, indicative of effect size, were small. To that end, practitioners working
within dance should interpret these findings with caution.

The fixed effects selected in the present study resulted in a poor fit across both models when
considered independent of the random effects. When the random effects were accounted for,
however, both models' fit improved, although peak VGRF was to a lesser degree. As such,
dancer strength, static ankle dorsiflexion ROM, and three-dimensional ankle excursions are
poor predictors of the load experienced by the ankle and system during jump landings in
professional ballet dancers. Dancer sex, jump position, and individual variation are more
suitable variables to consider when assessing whether a dancer will be exposed to greater or
lesser magnitudes of load during jump landings. It should be noted that the lack of association
between strength and ROM and the target variables does not indicate that these physical
qualities are not important to increase injury resilience [48-51]. Future work may wish to
prospectively investigate whether these variables (strength, static ROM, and ankle excursions)
increase dancer resilience to injury (i.e., by increasing tissue capacity) as opposed to using
them to predict the peak load experienced at a joint and a system level.

STRENGTHS AND LIMITATIONS

Previous work is sparse pertaining to male and professional ballet dancers [3], and, thus, the
present study offers new insights for practitioners. A limitation, however, is that only the right



limb was measured during bilateral jumps; investigating the entire kinetic chain across both
limbs may vyield different results. Larger laboratories with additional cameras may facilitate
more detailed analyses. To that end, there are logistical challenges associated with applied
research within a professional ballet company due to dense rehearsal schedules which limit
time and space [52]. Future work may benefit from permanent laboratories that are established
within the residence of professional companies. The present study included maximum
isometric strength as a predictor variable, other muscle contractions (such as isotonic or
isokinetic) may yield different results.

PRACTICAL APPLICATIONS

The model goodness-of-fit, when considered independent of random effects, was generally
poor. As such, practitioners working with professional ballet dancers should be aware that
isometric strength, dorsiflexion ROM, and ankle excursions will not indicate the magnitudes
of load experienced at the ankle joint or a system level during jump landings. Nevertheless,
isometric strength, dorsiflexion ROM and ankle excursions are likely important factors to
consider in the context of injury [48-51]. Dancer sex, foot position, and individual variation
are more appropriate factors to consider when assessing the load experienced at a joint or
system level. To that end, regular physical profiling, appropriate load management, and
individualised training programs are likely important to minimise injury risk. This study also
provides reference data relating to isometric strength and dorsiflexion ROM in professional
ballet dancers.

CONCLUSION

To the authors' knowledge, this is the first study to investigate the associations between peak
ankle plantarflexion joint moment and peak VGRF, and dorsiflexion ROM, ankle excursions,
and isometric strength during jump landings in professional ballet dancers. The predictor
variables did not explain the variance in the target variables well and practitioners should be
aware of this when interpreting physical profiling data. Future work may wish to prospectively
investigate the complex relationship between load exposure, tissue tolerance, and injury.
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TABLE 1

Table 1. Mean + 1 standard deviation for static dorsiflexion range of motion and unilateral

isometric force tests.

Sex Dorsiflexion SL Isometric SL Isometric SL Isometric
ROM (°) Squat (N/N) Standing PF (N/N)  Seated PF (N/N)
Female 13 499+45 3.1+0.3 2.8+0.2 1.8+0.3
Male 14 46.0+3.3 3.7+04 3.0+0.3 1.8+0.2

ROM, range of motion; SL, single leg; PF, plantarflexion
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Figure 1. The foot positions tested in the present study with reference to the force platform. (A)
parallel, (B) first, (C) second, (D) fourth back, (E) fourth front, (F) fifth back, (G) fifth front.
Grouped first and second position indicates that all jumps depicted in (B) and (C) were
grouped; Grouped front foot position indicates that all jumps depicted in (E) and (G) were
grouped; Grouped back foot position indicates that all jumps depicted in (D) and (F) were

grouped.

FIGURE 2

Figure 2. Marker placement on the right limb from the anterior, lateral, and posterior aspects.
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Figure 3. Coefficient estimates and 95% confidence intervals for the linear mixed-effects
models investigating (A) peak normalised plantarflexion ankle joint moment and (B) peak
normalised VGRF. A positive coefficient estimate indicates that an increase in the predictor
value is associated with an increase in the target variable whereas a negative value indicates
the opposite. Data are scaled (-1.0-1.0) and not true to their original units to facilitate
comparison on a single axis. DF, dorsiflexion; ROM, range of motion; PF, plantarflexion
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Figure 4. Raw data illustrating the associations between peak normalised plantarflexion ankle
joint moment and fixed factors (dancer strength, static ROM, and ankle excursions) accounting
for random factors (sex, grouped foot position, and dancers’ unique identification). DF,
dorsiflexion; ROM, range of motion; PF, plantarflexion
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Figure 5. Raw data illustrating the associations between peak normalised VGRF and fixed
factors (dancer strength, static ROM, and ankle excursions) accounting for random factors (sex,
grouped foot position, and dancers’ unique identification). DF, dorsiflexion; ROM, range of
motion; PF, plantarflexion
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Figure 6. Raw data illustrating the associations between peak normalised plantarflexion ankle
joint moment and random factors (sex, grouped foot position, dancers’ unique identification).
Pa., Parallel; 1/2, first and second; Fr., front foot in fourth and fifth; Ba., back foot in fourth
and fifth position
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Figure 7. Raw data illustrating the associations between peak normalised VGRF and random
factors (sex, grouped foot position, dancers’ unique identification). Pa., Parallel; 1/2, first and
second; Fr., front foot in fourth and fifth; Ba., back foot in fourth and fifth position



