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Abstract: Classical ballet dancers are exposed daily to physically demanding movements. Among
these, the Grand Plié stands out for its biomechanical complexity, particularly the stress applied to the
knee joint. This study investigates the knee kinematics of healthy professional classical ballet dancers
performing the Grand Plié. Twenty dancers were evaluated with a motion analysis system using a
marker-based protocol. Before measurements, the self-reported Global Knee Functional Assessment
Scale was delivered for the knees’ functional ability, and the passive range of knee motion was
also assessed. The average score on the Global Knee Functional Assessment Scale was 94.65 & 5.92.
During a complete circle of the Grand Plié movement, executed from the upright position, the average
maximum internal rotation of the knee joint was 30.28° + 6.16°, with a simultaneous knee flexion
of 134.98° + 4.62°. This internal rotation observed during knee flexion exceeds the typical range of
motion for the joint, suggesting a potential risk for knee injuries, such as meniscal tears. The findings
provide an opportunity for future kinematic analysis research, focusing on the movement of the
Grand Plié and other common ballet maneuvers. These data have the potential to yield valuable

information about the knee kinematics concerning meniscus damage.

Keywords: dance biomechanics; classic ballet; Grand Plié¢; 3D motion analysis

1. Introduction

The knee joint, a very intricate structure, is a well-studied area of interest due to its
functional complexity and prevalence as the second most frequently injured region among
athletes [1]. Various soft tissues and structures, including the lateral and medial menisci,
play roles in the correct biomechanics and long-term anatomical well-being of the knee
joint [2]. In a study conducted by Majewski et al. [3], a total of 17,397 individuals were
documented as having experienced 19,530 sports-related injuries throughout a span of
ten years. Medial and lateral meniscus tears accounted for 14.5% of these sports-related
injuries. Common activities leading to meniscus tears include soccer, skiing, judo, handball,
volleyball, basketball, American football, gymnastics, tennis, trekking, and dance [3,4].

Ballet, as a dance form, involves complex and physically demanding movements,
including jumps, turns, and pointe work, which require significant strength, flexibility,
and control. These biomechanical demands are comparable to those in many recognized
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sports [5,6]. A study on elite adolescent ballet dancers found that their dance volume
ranged from 19.26 to 22.17 h per week across three training years [7]. In The Royal Ballet
(London, UK), differences in weekly dance hours were observed between company ranks,
ranging from 19.1 to 27.5 h per week [8]. Professional ballet dancers can range in age
from adolescence to mid-30s or older [9,10]. While there is ongoing debate regarding
the classification of ballet as a sport or an art, current evidence increasingly supports its
recognition as a sport due to its rigorous physical demands and training requirements, akin
to those found in competitive athletic disciplines [6,11]. The World DanceSport Federation
(WDSF), which is recognized by the International Olympic Committee (IOC), oversees
competitive dance sports. Although ballet is not directly governed by WDSF, the athletic
aspects of ballet are widely recognized in the dance and sports communities, such as the
World Ballet Competition and the United States Dance and Sport Competition Federation.

Several studies have shown a correlation between ballet dancing and a higher in-
cidence of lower limb injuries [12-16], particularly at the knee joint [17]. In a study of
3482 cases of internal knee trauma, only 32% were attributed to meniscus injuries. How-
ever, when comparing the total number of knee traumas among active members of regional
sports clubs, the incidence was similar between dancers, soccer players, and volleyball
players. Notably, dancers exhibited a higher proportion of meniscus injuries, with 15 out of
27 total injuries (55%) involving the meniscus (6 lateral and 9 medial), compared to 31% in
soccer and 34% in volleyball players [3]. Other epidemiological studies have shown that the
incidence of knee joint/ligament derangement in female athletes is 0.19 [95%CI: 0.10-0.39]
per 1000 training hours, and nearly 7% of all injuries occur during Plié/Relevé move-
ments [18]. Also, the majority of injuries in ballet dancers happen during rehearsals [18].
This association can be attributed to the rigorous nature of ballet training, which involves
intense physical exertion, repetitive “squatting” movements, demanding leaps, and the
execution of specific musculoskeletal techniques. The dancer is prone to injuries in the
hip, knee, ankle, and foot regions as they constantly strive to perfect their technique over
time [13]. Risk factors involve several elements, such as an improper technique, excessive
or insufficient training, sickness, and an inadequate training environment [14]. The knee
joint is susceptible to meniscus tears or detachments when performing choreography or
repetitive motions [19]. From imaging studies, it has been revealed that meniscal tears are
among the most frequent injuries in elite dancers [20]. According to a case study conducted
by Marios et al., it was observed that meniscus tears can occur while dancing, even in cases
when other structures remain intact [21].

During training activities, various contact or non-contact mechanisms are related to
meniscus tears, with the latter being the most frequent. Non-contact mechanisms leading
to meniscus tears often arise from a particular kinematic pattern that involves a flexed knee
joint and the application of excessive rotational forces [3,22].

Ballet, a sport known for its physical demands, entails the execution of specific repet-
itive motions such as the Grand Plié. The Grand Plié is a fundamental movement in
ballet, often utilized as a transition between other movements. However, it is also a critical
stand-alone exercise that is integral to ballet training and performance. The Grand Plié€,
therefore, serves a dual role in ballet, both as a transition and as a fundamental technique.
In classical ballet, first, the dancer executes the Grand Plié motion from an upright stance,
commonly referred to as the first position, with the feet firmly grounded. The hips are
externally rotated, the knees hyperextended, and the pelvis is posteriorly tilted. The upper
body is perfectly aligned so that the center of gravity is located between the two heels.
Next, keeping this position firmly, the dancer begins to bend their knees and laterally rotate
their hips even further. Finally, upon reaching the apex of the motion, the athlete reverts to
the initial position while maintaining stability and control in all body segments [23-25].

Grand Plié biomechanics replicate the mechanism of a meniscus injury [23], suggesting a
potential explanation for the increased rate of such injuries in ballet dancers [24,26,27]. The
knee joint plays a crucial role in facilitating an axial rotational mechanism that enables the
execution of flexion and extension movements with a complete range of motion. Typical
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knee motion requires the coupled rotation of either the femur or tibia along a flexion and ex-
tension motion, starting from the initial 5 degrees of flexion, due to the anatomical structure
of the medial condyle. As the degree of passive flexion increases within the 30-90 degrees
range, there are observed external and internal passive rotations of approximately 45° and
25°, respectively [28]. A similar pattern has been observed during simulated active knee
flexion during squats, with the tibial rotation being higher at 90-120 degrees compared to
the initial degrees of knee flexion [29].

Previous research has indicated that the specific biomechanics of the Grand Plié result in
high ground reaction forces and excess joint movement in the sagittal plane [30-32]. Although
pelvis [33], hip [34], and knee [35] kinematics have been assessed in the Grand Plié, no
study seems to have measured knee kinematics in the transverse plane concerning the
maximum knee flexion during the Grand Plié. This study aims to investigate knee rotation
throughout flexion in the Grand Plié movement in professional classical ballet dancers.
We anticipate that our findings will align with the range observed in previous studies on
similar movements, such as squats, thereby contributing to a broader understanding of
knee mechanics in dance movements.

2. Materials and Methods
2.1. Subjects

Twenty healthy professional female classical ballet dancers with a mean age of
23.6 years participated in the study (Table 1). All participants were members of the
Greek National Opera Ballet and had a minimum of 8 years of training history, averaging
14.05 £ 4.86 years. The daily training volume was identical for all the dancers, involving
five days a week of training, with each session lasting from approximately three to four
hours. The exact age in years was calculated by subtracting each participant’s date of birth
from the date of measurement, and then dividing the result by 365:

Age = Date of measurement — Date of birth) /365

Table 1. Sample demographics (N = 20).

Mean + SD Range (Min-Max)
Age, years 23.58 £ 5.31 15.99-34.21
Height, cm 163.53 £+ 5.89 148.00-172.50
Weight, kg 53.95 £ 5.97 41.00-62.50
BMI, kg/m? 20.13 £ 1.47 17.19-22.96

SD = standard deviation.

The inclusion criteria for the study were as follows: professional female classical ballet
dancers in good health and no history of knee joint injuries, overuse disorders, or surgeries
on the lower extremities in the past year. The exclusion criteria included recent injuries
or conditions that could potentially affect the study outcomes. Accordingly, two subjects
were excluded from the final analysis due to the presence of a first-degree ankle sprain that
occurred during their daily training and prior to the commencement of the measurements.
However, the study did include one participant who had a posterior horn medical meniscus
tear two years prior to the assessment and another who had experienced a second-degree
ankle sprain about five years before the measurements. The study was approved by the
ethical committee of a university hospital under the approval number (EBA538/4-10-2021),
and every participant provided their informed consent by signing the appropriate forms.
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2.2. Knee Symptoms and Functional Assessment

To start, the participants completed a self-assessment scale to evaluate the functional
abilities of their knees using the Global Knee Functional Assessment Scale. The scale ranged
from 0 to 100, where a score of 100 denoted the highest level of functional capacity of the
joint, absent of any indications of pain, instability, or restricted range of motion (ROM).

2.3. Clinical Examination—DPassive Knee ROM

The knee’s passive ROM was measured using a standard long-arm goniometer (Golle-
hon Extendable Goniometer—Model 01135, Lafayette Instrument, Lafayette, IN, USA).
Passive ROM was assessed by one clinician with more than ten years of experience. Regard-
ing the measurement reliability, our study utilized long-arm goniometry, which is proven
to have high inter- and intra-rater reliability, with an Intraclass Correlation Coefficient (ICC)
greater than 0.99 for both [36,37]. The goniometer was placed at the joint center, determined
by the clinician’s palpation on recommended bony landmarks, lateral femur epicondyle,
along the femur to the greater trochanter (stationary arm), and along the fibula to the
lateral malleolus (movement arm) [38]. Knee extension with a parallel tibia and femur was
considered as 0 degrees. The measurement of passive knee extension was conducted with
the foot supported on the treatment surface while the dancer assumed a supine position.
Positive values were used to define the flexion position of a fully extended knee, while
negative values were used to define hyperextension. While supine, the clinician moved the
patient’s heel toward the pelvis to determine the knee’s maximum flexion. Internal and
external rotation passive ROMs were measured with the subject seated and the knee flexed
to 90 degrees, using the same goniometer. The clinician rotated the tibia internally, then
externally, and recorded the corresponding passive ROM values. The neutral position of
0 degrees rotation was established as the resting position of the knee for each participant,
with the tibia being vertical to the floor.

2.4. Instrumentation and Procedure

All measurements were performed at a motion and gait analysis laboratory placed in a
university hospital facility. The room temperature was 20-25 °C, regulated to facilitate the
warm-up of the dancers. The warm-up consisted a standardized routing of typical ballet
exercises, for a time of five to ten minutes. Various equipment, including floor mats and
elastic exercise bands, were readily accessible for the purpose of warming up the volunteers.
The intensity of the light provided was enough, and its frequency was within a range that
did not have any adverse impact on the process of data collecting. A well-lit level floor free
of obstruction was used.

A 3D motion capture system was used with 8 high-resolution optoelectronic cameras
(SMART-DX 4000, BTS Bioengineering, Garbagnate Milanese, Italy), with a sensor resolu-
tion of 2048 x 2048 pixels, accuracy of < 0.1 mm on a volume of 6 m x 6 m x 3 m, fixed
focal length lens of 4.5-8 mm, and zoom lens of 6-12/25 mm. The superior accuracy of the
optoelectronic measurement systems in capturing human sports movement is highlighted
in the comprehensive review by van der Kruk and Reijne [39].

The equipment calibration was performed each morning by the same biomechanist in
accordance with the established local standards. Test documentation and corresponding
calibrations were carefully retained alongside the session data [40].

Following the completion of the warm-up phase, a total of twenty-two markers were
carefully placed over the dancer’s body in accordance with the Davis protocol [41]. To
perform the Davis protocol appropriately, a caliper was utilized to measure the diameters
of the knee joint and the ankle, anterior superior iliac spine distance, and pelvic depth. The
dancers were instructed to enter the first position of classical ballet to execute the Grand Plié
with their feet positioned in the center of a force plate. The Grand Plié was executed without
the barre to isolate and highlight the relevant knee movements without external support.
The “Adagio center” music facilitated uniform rhythm and tempo during the movement
execution for all participants. The dancers had to maintain their balance while securely
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placing their feet in the first position. Each trial round was considered to be complete
when the dancer successfully transitioned from a full flexion Grand Plié to the finishing
upright position (Figure 1). Periods of rest were provided between trials. To prevent
the inclusion of unrepresentative data trials, all acquisitions were carefully reviewed
for consistency in Grand Plié pace, as well as any inappropriate technical deviations
resulting from fatigue or distraction. The initial full trial was assessed to verify the accurate
reconstruction of all markers. A predetermined minimum of five Grand Plié cycles were
obtained and assessed for marker continuity. The kinematic curves were examined to
ensure their representativeness and consistency during the athlete’s presence. Three Grand
Plié cycles were ultimately selected for further analysis. The same biomechanist conducted
the entire process.

Figure 1. Position at standing and finishing position of Grand Plié.

Basic statistical computations were performed using a spreadsheet software (Excel
365, Microsoft Co., Redmond, WA, USA). Sagittal and transverse plane knee kinematics
were analyzed. Descriptive statistics are presented as mean and standard deviation (SD).

3. Results
3.1. Knee Symptoms and Functional Assessment

The average score of the Global Knee Functional Assessment Scale was 94.6 (SD: £5.9),
indicating a high functional level of the knee.

3.2. Clinical Examination of ROM

The passive knee flexion was measured at 156.08° (SD: £3.02°) and the passive knee
extension at —1.7° (SD: £0.53°). The passive internal and external rotations were 25.04°
(SD: £2.28°) and 41.29° (SD: £1.96°), respectively (Figures 2 and 3).
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Figure 3. Average passive ROM of the knee internal (IR) and external rotation (ER).

3.3. Grand Pli¢ Kinematic Measurements

During a complete circle of Grand Plié movement, the dancers demonstrated an
average maximum internal rotation of the knee joint at 30.28° (SD: £6.16°), with a simulta-
neously observed mean knee flexion at 134.98° (SD: £4.62°) (Figure 4).
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Figure 4. Internal knee rotation and concurrent knee flexion at lowest position of Grand Plié.

4. Discussion

The Grand Plié is one of the fundamental exercises for ballet dancers, and its biome-
chanical characteristics are of particular research interest. Previous research has been
focused mainly on pelvic and hip kinematics, while the knee has been studied only in
the sagittal plane. Indeed, when performing the Grand Pli€ exercise, the dancers exhib-
ited a maximum mean knee internal rotation of 30.28 degrees at a knee flexion angle of
134.98 degrees, as measured in our research. Neumann [42] states that the typical range for
maximum total knee joint rotation is between 40 and 45 degrees, which normally occurs
when the knee joint is flexed at an angle of 90 degrees. The external to internal rotation
ratio is 2:1, with the variables set at 27-30 degrees and 13-15 degrees, respectively [42]. Our
research suggests that the Grand Plié movement might be linked to a higher risk of knee
injuries due to its extensive internal rotation. Our research results assume that the Grand
Plié movement can contribute to the risk of knee joint injuries due to the high value of knee
internal rotation ROM.

According to previous research, axial rotation is an integral component of full knee
flexion and extension motion, as demonstrated in the study by Zarins, Rowe, Harris, and
Watkins [28]. They passively measured seven subjects with full knee ROM and functional
ability, uncovering that, for 30-90 degrees of flexion, the knee exhibited approximately
45 degrees of normal external rotation and 25 degrees of normal internal rotation. This
rotational motion diminished as the knee extended, showing 23 degrees of external rotation
and 10 degrees of internal rotation at a flexion angle of 5 degrees [28]. Our study aligns with
these findings, revealing that passive rotations for professional ballet dancers are within
these limits, with 25.04° + 2.28° for internal rotation and 41.29° + 1.96° for external rotation.
Diverging from previous methods, our research utilized a weight-bearing activity to assess
rotation, more accurately reflecting the actual physical demands an athlete experiences.
Data were collected from participants in an upright to fully flexed position during the Grand
Pli¢, offering a robust framework for conducting a 3D kinematic study. This approach not
only reflects real-world training conditions, but also indicates an excessive internal rotation
of the knee when the flexion angle exceeds 120 degrees.

Foot position affects the rotational movements of the knee [43]. To evaluate the impact
of excessive foot pronation on the knee’s transverse range of rotational motion, Coplan [44]
used the Cybex Il isokinetic dynamometer. The study included a sample of 15 individuals
with normal foot pronation and 15 individuals with pronating feet. Tibial rotation was
measured at three distinct knee flexion angles: 5, 15, and 90 degrees. A positive correlation
was found between the degree of knee flexion and the degree of tibial rotation. At an angle
of 90 degrees, the normal group had a passive mean range of tibial rotation of 32.1 degrees,
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whereas the pronating group demonstrated a range of 35.7 degrees. An excessive range of
motion in tibial rotation, in conjunction with laxity in joint structures at broader angles of
the knee joint, has been identified as a potential risk factor for knee joint injury [44]. This
clinical observation is further supported by a comprehensive analysis that establishes a
correlation between the joint laxity of ballet dancers and many intrinsic variables, resulting
in impaired proprioception and neuromuscular control of the knee joint [45]. Also, joint
proprioception is positively influenced by long-term training in athletes [46]. In this context,
a lack of effective dynamic control results in a progressive decline in knee joint stability
during physical activity, ultimately leading to harmful situations that may cause injury [45].

Our study exclusively included female dancers, which may enhance the applicability
of the results given the higher injury rate observed among female ballet dancers. A sys-
tematic review found that, in professional dancers, the incidence of injury was 1.06 injuries
per 1000 dance hours for males and 1.46 injuries per 1000 dance hours for females. Addi-
tionally, 64% of female injuries were attributed to overuse, compared with 50% in males,
indicating a higher proportion of overuse injuries in female professional ballet dancers [13].
Another study reported that the incidence of injury among Greek professional dancers
was 1.10 injuries per 1000 dance hours in males and 1.55 injuries per 1000 dance hours in
females, suggesting a higher injury rate in female dancers [47].

Epidemiological evidence links medial meniscus lesions in athletes frequently to acute
or chronic anterior cruciate ligament (ACL) tears, with occurrences reported at 82% and
96%, respectively [48]. In a study by Park et al. [49], the risk of ACL injury was investigated
in athletes engaged in pivoting activities, measuring knee joint laxity and rotational range
in extreme internal and external tibial rotation. They noted significant differences in the
maximum passive external tibial rotation between males and females, with excessive tibial
rotation being identified as a major risk factor for proprioception loss and injuries like
meniscus tears [49-51]. Supporting these findings, LaPrade and Burnett [52] characterized
knee injuries as resulting from sudden, excessive twisting loads applied to a flexed, planted
knee, leading to lateral femoral condyle impingement. Their research, along with cadaveric
studies, emphasizes the critical role of knee biomechanics in meniscal displacement and
deformation, which is vital for load distribution, shock absorption, and joint congruity
during movement [52,53]. Additionally, Furumatsu et al. [54] found that high knee flexion
exercises, particularly those involving femoral internal rotation or tibial external rotation,
increase stress on the medial meniscus, particularly on its posterior root, heightening the
risk of injury-related stress and degeneration [54,55].

Our study has several limitations. The measuring approach utilized in the current re-
search may be considered as inadequate due to certain technological constraints. During the
Grand Plié, skin movement might have influenced the markers’ accuracy, thereby introduc-
ing an error in measuring the tibial rotation angles, which is the most difficult movement
to accurately define [56,57]. The discrepancy in marker readings can be attributed to the
relative movement between the skin and the precise location of the underlying anatomical
structures. Thus, as the dancer transitioned into the Grand Plié position, the knee’s rotation
axis underwent three-dimensional displacement in space. While the point cluster technique
has been refined and validated for minimizing artifacts resulting from skin movement,
there is still a potential for an overestimation of the rotational range of motion. Regarding
our sample, two limitations are that all participants were recruited from the same group (the
Greek National Opera Ballet) and there was a broad age range (15.99-34.21 years). These
limitations may impact the generalizability of our findings. Also, this study acknowledges
the potential influence of cumulative training load, such as soft tissue overuse, particularly
due to the broad age range of participants (15.99-34.21 years), which might have affected
the results. Moreover, while our study recruited a sample of 20 ballet female dancers, we
acknowledge the limitation of not conducting an a priori sample size estimation. This
decision was primarily due to the challenges in recruiting a larger group of elite dancers.
However, it is noteworthy that our participants were elite performers and members of the
Greek National Opera Ballet.
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5. Conclusions

Our study investigated the knee rotation during the Grand Plié in professional classi-
cal ballet dancers, with the aim of understanding its alignment with the knee mechanics
observed in similar movements like squats. The findings indicate that internal rotation
during the Grand Plié often exceeds typical joint ranges, suggesting a potential risk for soft
tissue injuries such as meniscal tears. The current study provides an opportunity for future
research and kinematic analyses, focusing on the movement of the Grand Plié and com-
parable movements. The potential to improve technique and reduce injury risk based on
these biomechanical insights can be a valuable focus in subsequent studies. Additional in-
vestigations are required regarding kinematic assessments in dance, conducted beyond the
limits of controlled laboratory settings, employing inertial measurement units (IMUs) [34].
These data have the potential to yield valuable information about the kinematics of the
knee concerning meniscus damage.

Author Contributions: Conceptualization, A.F., A.T. and G.P.; methodology, A.E,, A.T. and G.P;
formal analysis, A.F, S.S. and M.K,; investigation, A.F., A.Z.S., D.A.-K. and P.G.; resources, C.T., O.S.
and M.K; data curation, A.Z.S., D.A.-K,, O.S. and M.K.; writing—original draft preparation, A.F.,, A.T.,,
G.P. and PK,; writing—review and editing, A.Z.S., D.A.-K,, S.S,, D.S., C.T. and O.S,; visualization, S.S.,
D.S. and C.T; supervision, PK., PG. and M.K,; project administration, PK., P.G. and S.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of University Hos-
pital ATTIKON, National and Kapodistrian University of Athens, Greece (protocol code EBA538/4
October 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, A.F,, upon reasonable request. Data is available on request due to privacy and
ethical issues.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Vaishya, R.; Kambhampati, S.B.S.; Vaish, A. Meniscal injuries in the Olympic and elite athletes. Indian J. Orthop. 2020, 54, 281-293.
[CrossRef]

2. Fox, A.J.; Wanivenhaus, F; Burge, A.J.; Warren, R.F; Rodeo, S.A. The human meniscus: A review of anatomy, function, injury, and
advances in treatment. Clin. Anat. 2015, 28, 269-287. [CrossRef]

3.  Majewski, M.; Susanne, H.; Klaus, S. Epidemiology of athletic knee injuries: A 10-year study. Knee 2006, 13, 184-188. [CrossRef]
[PubMed]

4. MacMahon, P]J.; Palmer, W.E. A biomechanical approach to MRI of acute knee injuries. AJR Am. ]. Roentgenol. 2011, 197, 568-577.
[CrossRef] [PubMed]

5. Koutedakis, Y.; Owolabi, E.O.; Apostolos, M. Dance biomechanics: A tool for controlling health, fitness, and training. J. Dance
Med. Sci. 2008, 12, 83-90. [CrossRef] [PubMed]

6. Koutedakis, Y.; Jamurtas, A. The dancer as a performing athlete: Physiological considerations. Sports Med. 2004, 34, 651-661.
[CrossRef] [PubMed]

7. Volkova, V,; Kenny, S.J. Musculoskeletal injuries and dance exposure across three years in elite adolescent ballet dancers: Is there
a pattern? Br. J. Sports Med. 2021, 55, A51. [CrossRef]

8. Shaw, J.W.; Mattiussi, A.M.; Brown, D.D.; Williams, S.; Springham, M.; Pedlar, C.R; Tallent, J. Rehearsal and performance volume
in professional ballet: A five-season cohort study. J. Dance Med. Sci. 2023, 27, 3-12. [CrossRef]

9. Khan, KM.; Bennell, K.; Ng, S.; Matthews, B.; Roberts, P.; Nattrass, C.; Way, S.; Brown, J. Can 16-18-year-old elite ballet dancers
improve their hip and ankle range of motion over a 12-month period? Clin. J. Sport. Med. 2000, 10, 98-103. [CrossRef]

10. Angioi, M.; Maffulli, G.D.; McCormack, M.; Morrissey, D.; Chan, O.; Maffulli, N. Early signs of osteoarthritis in professional
ballet dancers: A preliminary study. Clin. J. Sport. Med. 2014, 24, 435-437. [CrossRef]

11. Twitchett, E.A.; Koutedakis, Y.; Wyon, M. A. Physiological fitness and professional classical ballet performance: A brief review.

J. Strength. Cond. Res. 2009, 23, 2732-2740. [CrossRef]


https://doi.org/10.1007/s43465-020-00049-y
https://doi.org/10.1002/ca.22456
https://doi.org/10.1016/j.knee.2006.01.005
https://www.ncbi.nlm.nih.gov/pubmed/16603363
https://doi.org/10.2214/AJR.11.7026
https://www.ncbi.nlm.nih.gov/pubmed/21862798
https://doi.org/10.1177/1089313X0801200303
https://www.ncbi.nlm.nih.gov/pubmed/19618583
https://doi.org/10.2165/00007256-200434100-00003
https://www.ncbi.nlm.nih.gov/pubmed/15335242
https://doi.org/10.1136/bjsports-2021-IOC.119
https://doi.org/10.1177/1089313X231174684
https://doi.org/10.1097/00042752-200004000-00003
https://doi.org/10.1097/JSM.0000000000000035
https://doi.org/10.1519/JSC.0b013e3181bc1749

Sports 2024, 12, 54 10 of 11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Allen, N.; Nevill, A.; Brooks, J.; Koutedakis, Y.; Wyon, M. Ballet injuries: Injury incidence and severity over 1 year. J. Orthop.
Sports Phys. Ther. 2012, 42, 781-790. [CrossRef] [PubMed]

Smith, PJ.; Gerrie, B.J.; Varner, K.E.; McCulloch, P.C.; Lintner, D.M.; Harris, ].D. Incidence and prevalence of musculoskeletal
injury in ballet: A systematic review. Orthop. . Sports Med. 2015, 3, 2325967115592621. [CrossRef] [PubMed]

Biernacki, J.L.; Stracciolini, A.; Fraser, J.; Lyle, ].M.; Sugimoto, D. Risk factors for lower-extremity injuries in female ballet dancers:
A systematic review. Clin. . Sport. Med. 2021, 31, e64—e79. [CrossRef] [PubMed]

Caine, D.; Goodwin, B.J.; Caine, C.G.; Bergeron, G. Epidemiological review of injury in pre-professional ballet dancers. . Dance
Med. Sci. 2015, 19, 140-148. [CrossRef] [PubMed]

Critchley, M.L.; Ferber, R.; Pasanen, K.; Kenny, S.J. Injury epidemiology in pre-professional ballet dancers: A 5-year prospective
cohort study. Phys. Ther. Sport. 2022, 58, 93-99. [CrossRef] [PubMed]

Kenny, S.J.; Palacios-Derflingher, L.; Whittaker, ].L.; Emery, C.A. The influence of injury definition on injury burden in preprofes-
sional ballet and contemporary dancers. J. Orthop. Sports Phys. Ther. 2018, 48, 185-193. [CrossRef]

Mattiussi, A.M.; Shaw, ].W.; Williams, S.; Price, P.D.; Brown, D.D.; Cohen, D.D.; Clark, R.; Kelly, S.; Retter, G.; Pedlar, C.; et al.
Injury epidemiology in professional ballet: A five-season prospective study of 1596 medical attention injuries and 543 time-loss
injuries. Br. J. Sports Med. 2021, 55, 843-850. [CrossRef]

Ende, L.S.; Wickstrom, J. Ballet injuries. Phys. Sportsmed. 1982, 10, 100-118. [CrossRef]

Mariathas, M.; Hughes, E.; Wolman, R.; Purohit, N. Knee pain in elite dancers: A review of imaging findings. J. Arthrosc. Jt. Surg.
2023, 10, 70-79. [CrossRef]

Lykissas, M.G.; Mataliotakis, G.I.; Paschos, N.; Panovrakos, C.; Beris, A.E.; Papageorgiou, C.D. Simultaneous bicompartmental
bucket-handle meniscal tears with intact anterior cruciate ligament: A case report. |. Med. Case Rep. 2010, 4, 34. [CrossRef]
Hayes, C.W.; Coggins, C.A. Sports-related injuries of the knee: An approach to MRI interpretation. Clin. Sports Med. 2006, 25,
659-679. [CrossRef]

Barnes, M.; Krasnow, D.; Tupling, S.; Thomas, M. Knee rotation in classical dancers during the Grand Plié. Med. Probl. Perform.
Artists 2000, 15, 140-147. [CrossRef]

Fotaki, A.; Triantafyllou, A.; Papagiannis, G.; Stasi, S.; Georgios, P.; Olga, S.; Tsolakis, C.K.; Koulouvaris, P. The science of
biomechanics can promote dancers’ injury prevention strategies. Phys. Ther. Rev. 2021, 26, 94-101. [CrossRef]

Wilson, M.; Kwon, Y.H. The role of biomechanics in understanding dance movement: A review. . Dance Med. Sci. 2008, 12,
109-116. [CrossRef]

Miller, E.H.; Schneider, H.].; Bronson, ].L.; McLain, D. A new consideration in athletic injuries. The classical ballet dancer. Clin.
Orthop. Relat. Res. 1975, 111, 181-191. [CrossRef]

Scioscia, T.N.; Giffin, J.R.; Fu, EH. Knee Ligament and Meniscal Injuries in Dancers. J. Dance Med. Sci. 2001, 5, 11-15. [CrossRef]
Zarins, B.; Rowe, C.R.; Harris, B.A.; Watkins, M.P. Rotational motion of the knee. Am. J. Sports Med. 1983, 11, 152-156. [CrossRef]
Wang, J.; Tao, K.; Li, H.; Wang, C. Modelling and analysis on biomechanical dynamic characteristics of knee flexion movement
under squatting. Sci. World J. 2014, 2014, 321080. [CrossRef]

Bruyneel, A.V.; Bertrand, M.; Mesure, S. Influence of foot position and vision on dynamic postural strategies during the “grand
plié” ballet movement (squatting) in young and adult ballet dancers. Neurosci. Lett. 2018, 678, 22-28. [CrossRef]

Wyon, M.; Harris, J.; Brown, D.; Clark, F. Bilateral differences in peak force, power, and maximum plié depth during multiple
grande jetés. Med. Probl. Perform. Art. 2013, 28, 28-32. [CrossRef]

Lin, CW.; Su, EC.; Lin, C.F. Influence of ankle injury on muscle activation and postural control during ballet grand plié. J. Appl.
Biomech. 2014, 30, 37-49. [CrossRef]

Patterson, R.M.; Hershberger, N.; Balyakina, E.; Capell, W.; Mirochnitchenko, A.; Surve, S. Evaluation of professional ballet
dancers body posture during Barre movements. . Biomech. Eng. 2020, 142, 031003. [CrossRef]

Charbonnier, C.; Kolo, F.C.; Duthon, V.B.; Magnenat-Thalmann, N.; Becker, C.D.; Hoffmeyer, P.; Menetrey, J. Assessment of
congruence and impingement of the hip joint in professional ballet dancers: A motion capture study. Am. J. Sports Med. 2011, 39,
557-566. [CrossRef]

Greenwell, R.; Wilson, M.; Deckert, J.L.; Critchley, M.; Keener, M.; Dai, B. Comparison of center of pressure and kinematic
differences in Grand Plié with and without the Barre. J. Dance Med. Sci. 2020, 24, 135-141. [CrossRef]

Gogia, PP; Braatz, ].H.; Rose, S.J.; Norton, B.]. Reliability and validity of goniometric measurements at the knee. Phys. Ther. 1987,
67,192-195. [CrossRef]

Hancock, G.E.; Hepworth, T.; Wembridge, K. Accuracy and reliability of knee goniometry methods. J. Exp. Orthop. 2018, 5, 46.
[CrossRef]

Norkin, C.C.; White, D.J. Measurement of Joint Motion: A Guide to Goniometry, 5th ed.; FEA. Davis Company: New York, NY,
USA, 2016.

van der Kruk, E.; Reijne, M.M. Accuracy of human motion capture systems for sport applications; state-of-the-art review. Eur. J.
Sport. Sci. 2018, 18, 806-819. [CrossRef]

Papagiannis, G.I.; Triantafyllou, A.IL; Roumpelakis, I.M.; Papagelopoulos, P.J.; Babis, G.C. Gait analysis methodology for the
measurement of biomechanical parameters in total knee arthroplasties. A literature review. J. Orthop. 2018, 15, 181-185. [CrossRef]
Davis, R.B; Ounpuu, S.; Tyburski, D.; Gage, J.R. A gait analysis data collection and reduction technique. Hum. Mov. Sci. 1991, 10,
575-587. [CrossRef]


https://doi.org/10.2519/jospt.2012.3893
https://www.ncbi.nlm.nih.gov/pubmed/22814244
https://doi.org/10.1177/2325967115592621
https://www.ncbi.nlm.nih.gov/pubmed/26673541
https://doi.org/10.1097/JSM.0000000000000707
https://www.ncbi.nlm.nih.gov/pubmed/30589745
https://doi.org/10.12678/1089-313X.19.4.140
https://www.ncbi.nlm.nih.gov/pubmed/26641701
https://doi.org/10.1016/j.ptsp.2022.10.001
https://www.ncbi.nlm.nih.gov/pubmed/36257105
https://doi.org/10.2519/jospt.2018.7542
https://doi.org/10.1136/bjsports-2020-103817
https://doi.org/10.1080/00913847.1982.11947275
https://doi.org/10.4103/jajs.jajs_4_23
https://doi.org/10.1186/1752-1947-4-34
https://doi.org/10.1016/j.csm.2006.06.008
https://doi.org/10.21091/mppa.2000.4028
https://doi.org/10.1080/10833196.2020.1832707
https://doi.org/10.1177/1089313X0801200306
https://doi.org/10.1097/00003086-197509000-00026
https://doi.org/10.1177/1089313X0100500103
https://doi.org/10.1177/036354658301100308
https://doi.org/10.1155/2014/321080
https://doi.org/10.1016/j.neulet.2018.04.046
https://doi.org/10.21091/mppa.2013.1006
https://doi.org/10.1123/jab.2012-0068
https://doi.org/10.1115/1.4046179
https://doi.org/10.1177/0363546510386002
https://doi.org/10.12678/1089-313X.24.3.135
https://doi.org/10.1093/ptj/67.2.192
https://doi.org/10.1186/s40634-018-0161-5
https://doi.org/10.1080/17461391.2018.1463397
https://doi.org/10.1016/j.jor.2018.01.048
https://doi.org/10.1016/0167-9457(91)90046-Z

Sports 2024, 12, 54 11 of 11

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Neumann, D.A. Kinesiology of the Musculoskeletal System: Foundations for Rehabilitation; Elsevier Health Sciences: St. Louis, MO,
USA, 2013.

Skouras, A.Z.; Kanellopoulos, A K,; Stasi, S.; Triantafyllou, A.; Koulouvaris, P.; Papagiannis, G.; Papathanasiou, G. Clinical
significance of the static and dynamic Q-angle. Cureus 2022, 14, €24911. [CrossRef]

Coplan, J.A. Rotational motion of the knee: A comparison of normal and pronating subjects. J. Orthop. Sports Phys. Ther. 1989, 10,
366-369. [CrossRef]

Storm, J.M.; Wolman, R.; Bakker, EW.P.; Wyon, M.A. The relationship between range of motion and injuries in adolescent dancers
and sportspersons: A systematic review. Front. Psychol. 2018, 9, 287. [CrossRef]

Sahin, N.; Bianco, A.; Patti, A.; Paoli, A.; Palma, A.; Ers6z, G. Evaluation of knee joint proprioception and balance of young female
volleyball players: A pilot study. J. Phys. Ther. Sci. 2015, 27, 437—440. [CrossRef]

Tsekoura, M,; Billis, E.; Panopoulou, K.; Tsepis, E. Musculoskeletal disorders among Greek professional ballet dancers. . Adv.
Med. Med. Res. 2017, 19, 1-8. [CrossRef]

Kilcoyne, K.G.; Dickens, ].E; Haniuk, E.; Cameron, K.L.; Owens, B.D. Epidemiology of meniscal injury associated with ACL tears
in young athletes. Orthopedics 2012, 35, 208-212. [CrossRef]

Park, H.S.; Wilson, N.A.; Zhang, L.Q. Gender differences in passive knee biomechanical properties in tibial rotation. J. Orthop.
Res. 2008, 26, 937-944. [CrossRef]

Bayram, E.; Sener, N.; Korkmaz, M.; Yildirim, C.; Aydin, M.; Yurdaisik, I.; Cetinus, M.E. Internal tibial torsion is associated with
medial meniscus posterior horn tears. Knee Surg. Sports Traumatol. Arthrosc. 2023, 31, 2251-2256. [CrossRef]

Fuchs, A.; Georgii, J.; Taghizadeh, E.; Heldmann, S.; Lange, T.; Bendak, S.F; Siegel, M.; Yilmaz, T.; Schmal, H.; Izadpanah, K.
In-vivo assessment of meniscal movement in the knee joint during internal and external rotation under load. J. Exp. Orthop. 2022,
9, 102. [CrossRef]

LaPrade, R.E; Burnett, Q.M. Femoral intercondylar notch stenosis and correlation to anterior cruciate ligament injuries. A
prospective study. Am. J. Sports Med. 1994, 22, 198-203. [CrossRef]

Luvsannyam, E.; Jain, M.S.; Leitao, A.R.; Maikawa, N.; Leitao, A.E. Meniscus tear: Pathology, incidence, and management. Cureus
2022, 14, €25121. [CrossRef]

Furumatsu, T.; Okazaki, Y.; Okazaki, Y.; Hino, T.; Kamatsuki, Y.; Masuda, S.; Miyazawa, S.; Nakata, E.; Hasei, J.; Kunisada, T.;
et al. Injury patterns of medial meniscus posterior root tears. Orthop. Traumatol. Surg. Res. 2019, 105, 107-111. [CrossRef]
Starke, C.; Kopf, S.; Lippisch, R.; Lohmann, C.H.; Becker, R. Tensile forces on repaired medial meniscal root tears. Arthroscopy
2013, 29, 205-212. [CrossRef]

Miranda, D.L.; Rainbow, M.].; Crisco, J.J.; Fleming, B.C. Kinematic differences between optical motion capture and biplanar
videoradiography during a jump-cut maneuver. J. Biomech. 2013, 46, 567-573. [CrossRef]

Reinschmidt, C.; van den Bogert, A.J.; Lundberg, A.; Nigg, B.M.; Murphy, N.; Stacoff, A.; Stano, A. Tibiofemoral and tibiocalcaneal
motion during walking: External vs. skeletal markers. Gait Posture 1997, 6, 98-109. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.7759/cureus.24911
https://doi.org/10.2519/jospt.1989.10.9.366
https://doi.org/10.3389/fpsyg.2018.00287
https://doi.org/10.1589/jpts.27.437
https://doi.org/10.9734/BJMMR/2017/31876
https://doi.org/10.3928/01477447-20120222-07
https://doi.org/10.1002/jor.20576
https://doi.org/10.1007/s00167-022-07173-2
https://doi.org/10.1186/s40634-022-00540-5
https://doi.org/10.1177/036354659402200208
https://doi.org/10.7759/cureus.25121
https://doi.org/10.1016/j.otsr.2018.10.001
https://doi.org/10.1016/j.arthro.2012.09.004
https://doi.org/10.1016/j.jbiomech.2012.09.023
https://doi.org/10.1016/S0966-6362(97)01110-7

	Introduction 
	Materials and Methods 
	Subjects 
	Knee Symptoms and Functional Assessment 
	Clinical Examination—Passive Knee ROM 
	Instrumentation and Procedure 

	Results 
	Knee Symptoms and Functional Assessment 
	Clinical Examination of ROM 
	Grand Plié Kinematic Measurements 

	Discussion 
	Conclusions 
	References

