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Abstract: 

Return to sport (RTS), which is understood as return to the pre-injury level, is the key clinical outcome after an 

anterior cruciate ligament (ACL) injury. However, the continuum for RTS is complex and multifactorial, and no 

precise and coherent definition describes this process following the surgical reconstruction of ACL. In fact, after 

the resumption of sports activities, functional asymmetries are recorded, which show a lower ability of the knee 

to absorb dynamic forces. This occurs because athletes are complex and nonlinear dynamic systems, adaptive, 

goal-oriented, and constrained by morphology, physiological, psychological and biomechanical factors, activity 

and environment, with many interacting parts, all of which are capable of affecting the overall results of the 

system. By applying the theory of dynamic systems (DTS) to biological systems such as athletes, the importance 

of variability that is present in human movements is highlighted, which reflects the adaptability of the system to 

the environment. Kinematic variability analysis of the knee, when used during RTS continuum, provides 

important information about the changes in neuromuscular function that occur after ACL rupture and 

reconstruction and can be a valuable approach to analyse joint capacity to provide proprioceptive information 

and how the entire system processes it. To contribute to a clear and unambiguous definition of return to sport, for 

the functional evaluation of the knee, this study uses nonlinear analysis tools (inertial sensors) and indicators of 

nonlinear dynamics (LyE), which can represent a new and more adequate functional measurement of this joint in 

the evaluation of RTS. 
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Introduction 

The return to sport (RTS) continuum is based on a progression defined by three objectives: return to 

participation (return to training and/or sports participation at a lower level than the pre-injury level, the athlete is 

not yet " ready "to return to full activity), return to sport (the athlete returns to his sport but is still characterized 

by a lower level than the pre-injury level), return to performance (the athlete returns to his sport by performing at 

a level equal to or higher than the pre-injury level) (D'Onofrio et al., 2020).This process is also appropriate to 

accompany athletes who have suffered an anterior cruciate ligament (ACL) injury through the phases of 

rehabilitation (Kostrub et al., 2020; Roy et al., 2019; Rusanov et al., 2018), resumption of activities and return to 

performance (Skandalis et al., 2020); however, it must be emphasized that no clear and shared definition can 

characterize the continuum of the RTS after reconstruction of the anterior cruciate ligament (ACLR) (Meredith 

et al., 2020). To date, the process of returning to sport after ACL reconstruction is largely time-based, defining 

goals and goals that are the same and achievable at the same time by all athletes.  

However, this conceptualization of RTS does not consider the complexity that characterizes athletes, 

therefore, very often, the times for a complete biological recovery, contextual factors and psychological 

readiness are neglected (Meredith et al., 2020). Athletes are complex and nonlinear dynamic systems, adaptive, 

goal-directed and constrained by morphology, physiological, psychological and biomechanical factors, by 

activity and by the environment (Torrents &Belagué, 2006), with many interacting parts, all capable of 

influencing the overall results of the system (Davids et al., 2014). The motor behaviour is, therefore, the result of 

the interactions between the nervous system, body and environment during the execution of a particular gesture 

and the variations that are recorded in the motor practice during the repetition of the same action highlight how 

motor performances involve neuromotor patterns unique and not repetitive.  

Starting from the application of the dynamical systems theory (DST) to biological systems (and thanks 

to the use of nonlinear analysis to human movement (Bizovska et al., 2015), we can highlight the concept of 

intrinsic variability of movement which is defined as the typical variations that are present in the motor 

performance and that are observed in the repetition of an action (Stergiou, 2016). Furthermore, by relating the 

concepts of complexity and predictability, Stergiou & Decker (2011) defined optimal variability as a state in 

which the biological system is characterized by the maximum effective complexity possible. This variability has 

a deterministic and specifically chaotic structure that reflects the adaptability of the system to the environment. 
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Both its decrease and its increase involve less complexity and less flexibility and adaptability to perturbations. 

The theoretical frameworks before the application of nonlinear methods to the analysis of variability considered 

the latter as an indicator of "noise" in the control system, quantifying it with traditional statistical measurements 

(such as standard deviation); recent literature has shown, on the other hand, that many apparently noisy 

phenomena are actually the result of nonlinear interactions and have deterministic origins; in fact, the nonlinear 

analysis of the movement variability provides information about the neuromuscular state and allows a greater 

understanding of the complex strategies used in the control of movement, at the same time it returns information 

about how the motor control system responds to intra- individual and inter-individual (Stergiou, 

2016).Georgiulis et al. (2006) and Stergiou et al. (2004) showed that gait variability is influenced by ACL 

rupture, both mechanically and in terms of predicting afferent inputs due to mechanoreceptors present in the 

ligament itself (Johansson et al., 1990), which influences the neuromuscular function of the system (Valeriani et 

al., 1999).  

Furthermore, biomechanical adaptations also occur in the contralateral knee after anterior cruciate 

ligament reconstruction (Ferber et al., 2004); these adaptations influence the kinematic variability of the healthy 

knee and could represent a compensation mechanism useful for maintaining a certain degree of symmetry 

between the two legs (Moraiti et al., 2010). The need for a clear and defined continuum for the return to sport 

after surgical reconstruction of the anterior cruciate ligament allows us to focus attention on the use of the 

nonlinear analysis of the optimal variability of the knee which highlights the "noises", i.e. the fluctuations that 

appear in the kinematic models of this joint after the ACLR (Lanier et al., 2018; Decker et al., 2011). As 

suggested by the DTS locomotion is a multi-fractal act resulting from the coupling of multiple structures and 

multiple inputs which produce locomotor outputs, which in healthy conditions fluctuate over time. These 

conceptualizations are based on the concepts of attractors and repellers: the attractor is described as a stable state 

in which dynamic or behavioural variables converge and in which they can remain indefinitely under certain 

constraints; in a given initial position all the near initial states of the system converge in the attractor thus 

forming its basin of attraction.  

Its antipode is the repeller, an unstable state that rejects all initial states further away from it (Davids et 

al., 2014). Using tools and techniques of nonlinear analysis (Stergiou, 2018) it is possible to describe the 

dependence between the fluctuations that occur in locomotion, in particular, thanks to the use of inertial sensors 

and the Maximal Lyapunov exponent (LyE) (Raffalt et al., 2020; 2019), the analysis of kinematic variability 

could represent a standardized index for joint evaluation following an ACL injury (Pappas et al., 2018) in 

protocols for RTS after ACLR. 

 

Material & methods  

Participants 

The following study was performed on a sample of 4 subjects (3 males and 1 female) with an average age of 

26.3 years; composed as follows: 1 subject with broken and reconstructed right ACLwho has completed 

rehabilitation, 1 subject with broken and reconstructed right ACLwho has completed rehabilitationand with 

injured left ACL, 1 subject with broken and reconstructed rightACLwiththe removal of the medial meniscuswho 

has not completed rehabilitation, 1 healthy subject (Table 1).The participants were informed ofthe experimental 

risks and signed an informed consent form before the investigation. 

 

Table 1: Sample 
 Gender Age Injury 

Subject 1 F  24 broken and reconstructed right ACL (complete rehab.) 

Subject 2 M 30 healthy subject 

Subject 3 M 24 broken and reconstructed right ACL with the removal of the 

medial meniscus (incomplete rehab.) 

Subject 4 M 27 broken and reconstructed right ACL (and injured left ACL 

(complete rehab.) 

 

Data collection 

The data were acquired usingDot inertial sensors (XSens Technologies), in particular, the data regarding 

inclination were recorded with a sampling frequency of 60 Hz. These data were collected for each subject both 

for the limb with ACLR and for the contralateral limb, specifically four sensors were used positioned on the right 

and left thigh and on the right and left leg. Before proceeding with the acquisition on a treadmill, an orthostasis 

test was performed with the subjects in an anatomical position and the knee joint fully extended to determine the 

“zero” position for the joint; following this system calibration, each subject performed four treadmill walking 

trials lasting about 2 minutes each, self-selecting the walking pace and with the possibility of varying it between 

one test and another. 

Data analysis 

To examine how knee flexion-extension motion changes over time, the recorded data wereanalysed 

through Matlab (The MathWorks) using a script specifically written for this study to compute the joint angle 

from the inclinometer data. First, the “zero” position mean value was computed,then was subtracted from the 



DANIELE ALBANO, GERARDO LAMBIASE, BENEDETTA ROMANO, RODOLFO VASTOLA 

--------------------------------------------------------------------------------------------------------------------------------------- 

---------------------------------------------------------------------------------------------------------------------------- 

JPES ®      www.efsupit.ro  
924

data recorded during the trials to obtain flexion and extension values.LyE was calculated for each set of data 

acquired, using the UNO Biomechanics Nonlinear Analysis Toolbox (The University of Nebraska at Omaha) on 

Matlab. For the LyE computation, a time lag of 10 and an embedding dimension of 6 were used. 

Statistical analysis 

To verify the existence of significant differences between the two limbs and between the subjects, one-factor 

analysis of variance (ANOVA) (Table 3) was conductedwith Excel (Microsoft), setting the level of significance 

at 0.05. 

 

Results 

Table 2:  Lye values for left and right knee. *Statistically significant difference. 
 Average Standard deviation 

right left right left 

Subject 1 1,52 1,38 0,35 0,12 

Subject 2 1,87 1,20 0,63 0,17 

Subject 3 2,88* 2,01* 0,18 0,09 

Subject 4 3,87* 1,70* 0,77 0,02 

 

Discussion 

As can be seen from the data reported in table 2, the LyE values of subject 1, that of the female, do not 

show substantial differences between the various tests both in the intra-trial comparison for the knee with 

reconstructed ACL and in the comparison with the contralateral limb. Subject 2 has no ACL lesions, in any case, 

the LyE values recorded show higher values in the right knee than in the contralateral. Subject 3, in addition to 

the reconstruction of the ACL, also underwent the removal of the medial meniscus, in all four tests he showed 

increasingly higher LyE values for the knee with deficit compared to the contralateral and following the 

ANOVA the recorded values for both knees reported statistically significant difference. At the time of the 

acquisitions, subject 4, in addition to the ACL reconstruction, also presented a lesion of the anterior cruciate 

ligament of the left knee; the LyE values of both knees show a very small inter-trial variation while in 

comparison with the contralateral limb (the left, with injured ACL), the right knee showed larger values. The 

data of subject 4, following the ANOVA, also showed a statistically significant difference. The LyE values in 

table 2 show how, for all subjects with ACLR, higher values are associated with the knee with reconstructed 

ligament than the contralateral limb; this could be indicative of the fact that ACLR does not restore optimal 

variability but leads to altered variability. This behaviour may be due to the absence of adequate neuronal 

feedback mechanisms through proprioception, although clinical tests show that, with the surgical reconstruction 

of the ACL, mechanical stability is restored (Moraiti et al., 2010).In this study, the optimal reference value is 

considered that of the healthy limb, therefore the identification of a statistically significant difference between 

the two limbs indicates a noteworthy functional asymmetry. Only the healthy subject and one with reconstructed 

ACL did not show significant differences. As for the other two subjects, with a noteworthy asymmetry, the 

explanation could be due in one case to the failure to complete the rehabilitation process.The subject with 

reconstructed right ACL and left ACL still injured, presents an interesting situation from our point of view, as 

for the right knee there is a very high LyE value, which would therefore indicate excessive flexibility of the 

system (instability) and on the other knee a much lower value which would indicate rigidity, probably as a form 

of protection of the injured joint, however not having in this subject the LyE value of the healthy limb, it is risky 

to draw conclusions. 

 

Conclusions 

Using nonlinear analysis, the results show how the locomotor pattern is strongly linked to the concepts 

of adaptability and variability typical of DST. An increase over or under the optimal variability makes the 

movement respectively more "noisy", unstable and unpredictable or rigid, less complex and therefore less 

flexible and adaptable to perturbations (Decker et al., 2011).In this study, only the healthy subject and the subject 

who completed rehabilitation show some symmetry in LyE values. The subject who has not completed 

rehabilitation, on the other hand, shows a noteworthy asymmetry. Therefore, the use of this parameter could be 

able to identify a non-optimal condition for the RTS following the reconstruction of the LCA. However, the 

sample of only four subjects could be a limitation of this study.Even the use of the treadmill (Raffalt et al., 

2018), combined with a programmed and planned environment such as the laboratory setting, could represent a 

limitation as Dingwell et al. (2001) found that walking on a treadmill can influence the measures of the 

kinematic variability which differ from those recorded with a surface walk. A further limitation could be 

represented by the comparison with the contralateral limb rather than with a control group consisting of subjects 

without a history of knee deficiency. Numerous authors (Moraiti et al., 2007; Ferber et al., 2004; Stergiou et al., 

2004;Berchuck et al., 1990) have shown that, following an ACL injury, neuromuscular alterations also appear in 

the contralateral knee. In the future, it might be interesting to understand if there is a normality value for a given 

population, or if each individual has an optimal value that can be taken as a reference.The analysis of the 

kinematic variability of the knee carried out with nonlinear analysis tools (LyE) used during the RTS continuum, 
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can help provide important information about the changes that occur in the neuromuscular function of this joint 

following the ACLR; moreover, it can represent a standardized index from which to start to precisely establish 

the possibility of returning to sport after the ACL reconstruction. 
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