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Abstract

PURPOSE: Injuries to the anterior cruciate ligament (ACL) occur frequently,
particularly in young adult athletes, and represent the majority of the lesions of knee
ligaments. Recent investigations suggest that the assessment of kinematic variability
using measures of nonlinear dynamics can provide with important insights with
respect to physiological and pathological states. The purpose of the present article
was to critically review and synthesize the literature addressing ACL-deficiency and
reconstruction from a nonlinear dynamics standpoint.

METHODS: A literature search was carried out in the main medical databases for
studies published between 1990 and 2010.

RESULTS: Seven studies investigated knee kinematic variability in ACL patients.
Results provided support for the theory of “optimal movement variability”. Practically,
loss below optimal variability is associated with a more rigid and very repeatable
movement pattern, as observed in the ACL-deficient knee. This is a state of low
complexity and high predictability. On the other hand, increase beyond optimal
variability is associated with a noisy and irregular movement pattern, as found in the
ACL-reconstructed knee, regardless of which type of graft is used. This is a state of
low complexity and low predictability. In both cases, the loss of optimal variability and
the associated high complexity leads to an incapacity to respond appropriately to the
environmental demands, thus providing an explanation for vulnerability to
pathological changes following injury.

CONCLUSION: Subtle fluctuations that appear in knee kinematic patterns provide
invaluable insight into the health of the neuromuscular function after ACL rupture and
reconstruction. It is thus critical to explore them in longitudinal studies and utilize
nonlinear measures as an important component of post-reconstruction medical
assessment.

LEVEL OF EVIDENCE: Level Il



Introduction

Movement variability corresponds to the normal variations that occur in motor
output across multiple repetitions of a task and has become a topic of major interest
within the field of human movement sciences [107]. As introduced early by Bernstein
in his seminal work [6], the generation of movement patterns consists of a “repetition
without repetition” phenomenon in the sense that patterns never repeat exactly as
themselves. Arrays of examples from daily life illustrate such phenomenon. When we
walk, our footprints on sand or on snow never repeat themselves in the exact same
fashion. In the same way, when we stand quietly, we continuously sway without
being able to remain completely still. Until recently, such variations were considered
as noisy variations, resulting from some random processes [30, 96, 97]. However,
recent literature from different scientific domains has shown that many phenomena
previously described as noisy are actually the results of nonlinear interactions and
have deterministic origins, conveying important information regarding the system
behavior [2, 30, 31].

Within this framework, many studies have investigated the complex fluctuations
that appear in gait, with the aim of gaining deeper insights into this fundamental
human activity [8, 15, 17, 18, 38-40, 60-62, 106, 120, 121]. Using tools from
nonlinear dynamics, these studies demonstrated that the complex fluctuations are
responsible for the flexible adaptations to everyday stresses placed on the human
body during gait. They also established a clear link between complexity alteration
and unhealthy states in gait. The aim of the present paper is then to review the major
progress this approach has brought in terms of pathological knee understanding, with
the ultimate goal of presenting working tracks with regards to rehabilitation programs
that would slow down the development of long-term degenerative diseases.

The first section of the review will define the constructs of variability and
complexity, illustrated briefly by means of a common human physiological rhythm:
the heartbeat. The second section will focus on gait, investigating complexity under
both healthy and unhealthy states and presenting different techniques of analyses. In
the third section, the theory of “optimal movement variability”, which focuses on the
benefits of having complex control of movement, with a balance between rigid control
and randomness, will be presented. The last section will address thoroughly a
widespread musculoskeletal injury, the anterior cruciate ligament (ACL) rupture, and
then demonstrate that the examination of the subtle complex fluctuations that appear
in gait provides invaluable insight into the health of the neuromuscular function after

ACL rupture and reconstruction.



Nonlinear dynamics and its application to physiological rhythmicity
Physiological rhythms are central to life and concepts from fractals and chaos
have provided a large body of knowledge into the nature of these rhythms [28], such
as the fluctuations in heart rate [29, 34, 85, 98], systemic blood pressure [36, 37],
and respiration [110, 119]. Under “normal” conditions, these rhythms are never
strictly periodic but rather complex, fluctuating in a certain fashion over time [28]. On
the other hand, alterations in these physiological rhythms, in the form of more regular
or random fluctuations, have been associated to disease states [28] (See Appendix).
To illustrate these findings, let consider the beating of the heart, which is one of
the most complex physiological rhythm in nature. This rhythm, which is evaluated
through the beat-to-beat interval so-called R-R interval, results from the activity of the
sinus node (i.e., the heart pacemaker), which is controlled by the autonomic portion
of the nervous system. The autonomic system is composed of the sympathetic and
parasympathetic branches with the former branch increasing the firing rate of the
sinus-node cells and the latter branch inversely decreasing the firing rate. The
pacemaker is then constantly under this tug-of-war between the two branches and as
a result, the R-R interval which appears a-priori roughly constant is in fact highly
variable over time [35]. Recently, different studies using concepts derived from the
mathematical theory of chaos and fractals have plainly considered these fluctuations
and provided deep insights into heart dynamics. In particular, fractal analyses were
applied to the R-R interval and evaluated the dependence between fluctuations of
the heartbeat on one time scale and those over multiple time scales [58, 84] (Figure
1). Fascinatingly, the presence of long-range correlations was revealed in the R-R
interval time series, meaning that the interval at any instant depend on the interval at
relatively remote times with this dependence decaying in a scale-free (fractal-like)
power-law fashion. In other words, there is a long-memory process in the R-R series,
with each value being dependent upon the global history of the series. In terms of
biology, these long-range correlations have been proposed to accommodate for
possible perturbations applied on the heart since they may prevent excessive “mode-
locking” that would restrict its functional responsiveness (plasticity) [84]. Support for
this inference is provided by findings obtained from severely pathologic states, such
as heart failure, where the breakdown of long-range correlations is often
accompanied by the emergence of a dominant frequency mode. Analogous
transitions to highly periodic behavior have been observed in a wide range of other
disease states, including certain malignancies, sudden cardiac death, epilepsy, and
fetal distress syndromes [32, 33]. Moreover, many other techniques (e.g.,

approximate, sample, and multiscale entropies, largest Lyapunov and Hurst



exponents, correlation dimension, recurrence guantification analysis) from nonlinear
dynamics vyielded invaluable insights into the pathophysiologic mechanisms
associated with cardiac events [3, 21, 63, 82, 125]. Collectively, all these studies on
heart dynamics confirmed the hypothesis that the properties of the heart behavior are
of major importance for the maintenance of a healthy cardiovascular function and
provided clinically important information on abnormal cardiovascular regulation that

could not be uncovered using traditional analyses of heart rate variability.

[Insert Figure 1 about here]

Toward understanding complexity in gait

Concepts and methods described above to detect and quantify the behavior of
the heartbeat time series can be applied to movements in human locomotion [83].
Locomotion is indeed a multifractal act arising from the couplings of multiple
structures (e.g., motor cortex, cerebellum, basal ganglia, spinal cord) and inputs
(e.g., information from vestibular, visual and peripheral receptors), and it has been
shown that the locomotor outputs, as the stride interval, fluctuates over time under
healthy/normal conditions. Although these subtle fluctuations between strides during
walking appear to vary in a random manner (noise), with no correlation between the
present and future strides, the healthy adult locomotor system actually possesses a
kind of “motor memory”, such that the fluctuations from one stride to the next ones
display a subtle, “hidden” temporal structure [39, 40, 120, 121]. The finding that these
fluctuations are not random but rather contain such a structure has subsequently led
to the idea that investigating this temporal organization may provide insight into how
these movements are controlled to maintain a stable and flexible gait. Therefore,
many investigations have examined whether key variables in walking, such as the
linear or angular rhythmical motions of the joints and the stride time interval, display
“hidden” properties [8, 15, 17, 18, 38-40, 60-62, 106, 120, 121]. In the next sections,
we will focus our attention on two indicators from nonlinear dynamics, the largest
Lyapunov exponent and the approximate entropy (ApEn), which are to our
knowledge the only tools that have been used to investigate the fluctuations present

during gait in patients with an anterior cruciate ligament injury.

Largest Lyapunov exponent (LYyE)
In order to estimate LyE in gait, a first step consists in reconstructing the state
space of a certain joint or limb in an abstract, multidimensional space, where the

coordinates represents simply the values of some state variables (e.g., joint or limb



angular displacements) characterizing the joint or the limb [24, 50, 106, 109]. In such
a space, the set of all possible states that can be reached corresponds to the state
space. The sequence of such states over the time scale defines a trajectory in the
state space and, as time increases, this trajectory converges towards a low-
dimensional indecomposable subset called an “attractor” which gives information
about the asymptotic behaviour (periodic, chaotic or random) of the joint [106]. Most
of time, the state space is reconstructed based on the Takens' delay embedding
theorem [95, 111]. The reconstruction process involves creating time-lagged copies
of the original joint kinematic time series [1, 22, 50]. These time lag copies are used
to reconstruct the attractor [55] (Figure 2A and 2B). Despite variations in the
kinematics parameters used to reconstruct the state space, all highlighted
appropriate embedding dimensions higher than two (most of time around five for
walking-derived time series), indicating that the attractors underlying the joints
movements during human walking exceed a periodic attractor, converging possibly
towards a strange attractor and suggesting that the observed movement's patterns
fluctuate over time in a chaotic way [8, 15, 17, 18]. Once the state space is
reconstructed, LyE is calculated to determine the nonlinear structure of the
reconstructed attractor. Specifically, LyE measures the average exponential rate of
divergence of neighbouring trajectories of the attractor [1, 50, 93] (Figure 2C). Hence,
a strictly periodic time series will have no divergence of points in the attractor, while a
chaotic time series will have some divergence between two neighboring points as
time progresses. Several algorithms have been proposed to compute LyE with the
most popular being Wolf et al. and Rosenstein et al. [7, 14, 16, 93, 122].

Even though previous results strongly favored a chaotic nature of the fluctuations
present in the gait patterns, all are hindered by the fact that the identification of chaos
in time series is a very difficult process since purely random signals can mimic chaos
and have sometimes been misdiagnosed as chaotic or vice versa [92, 112]. Thus,
methods known as surrogate analyses have been used in gait to prevent such
misdiagnoses [8, 15, 72, 106]. Technically, these analyses consist in the creation of a
random counterpart of the original time series, by destroying its nonlinear structure.
This counterpart is then embedded in an equivalent state space as the one of the
original time series and similar topological parameters as those obtained from the
original time series are calculated (e.g., LyE). Accordingly, differences in the
parameters evaluated from the original time series and its surrogate counterpart
indicate that the fluctuations over time in the original data are veritably chaotic and
not randomly derived. The surrogate algorithms of Theiler et al. [112] and Theiler and

Rapp [113] has been used in the past and related results support the notion that



fluctuations in human gait have a deterministic pattern [8, 15, 39]. However, these
algorithms have been shown of limited utility when applied to time series with strong
pseudo-periodic behaviors as it is the case in gait. Thus, Small et al. [100] have
consequently proposed another algorithm, the so-called pseudo-periodic surrogate
(PPS) algorithm, to preserve the inherent periodic components while destroying the
inter-cycle dynamics (nonlinear structure). In their recent work, Miller et al. [72]
showed that both the PPS [100] and Theiler algorithms [112, 113] attest for the
presence of chaotic fluctuations in gait, with more robust and suitable results using
the PPS algorithm. Hence, using the state space reconstruction approach, the
fluctuations in the gait patterns have been found to be chaotic, attesting the
complexity of human gait dynamics.

From an application standpoint, LyE analyses have been successfully applied to
several populations and the entire age spectrum, including new walkers with and
without Down syndrome [15, 101], elderly fallers and non-fallers [67], and patients
suffering from peripheral arterial disease [78], peripheral neuropathy [17, 69], anterior
cruciate ligament deficiency of the knee [75, 77, 108, 124], and knee osteoarthritis
[123]. Thus, using the LYE, a measure from the mathematical theory of chaos, these
investigations have collectively led to a better understanding of why the nonlinear

gait pattern is altered under certain conditions.

[Insert Figure 2 about here]

Approximate entropy (ApEn)

ApEn is well known for its ability to discern regularity and predictability from a
wide variety of systems, including deterministic, stochastic, and composite systems,
while being applicable to noisy medium-sized time series [51, 86, 87-90]. ApEn is
strictly speaking a “regularity statistics” that reflects the likelihood that “similar”
patterns of observations will not be followed by additional “similar observations”.
From a mathematical standpoint, ApEn, better identified as ApEn (N, r, m), requires
the determination of three unknown parameters, m, r, and I. The parameter m
determines the length of the segments to be compared. The second parameter r is
the tolerance threshold for accepting similar patterns between two segments, and
has been recommended to be within 0.1-0.2 times the standard deviation using gait
data [86, 88, 89]. Note that ApEn values vary significantly within the recommended
range of r values. The most appropriate r value is the one that provides the maximum
ApEn value [68]. The third parameter | is the embedding lag (e.g., | = 1 then adjacent

points are used), which is set to be the smallest lag at which the autocorrelation



function of the time series is close to 0. Typical values for gait data analysis are m =
2, r = 0.2 to 0.25 times the standard deviation of the data, and | = 1 [9, 25, 54, 59,
117] (Figure 3).

If the time series is random there will be a lot fewer similar vectors of length m+1
than there are of length m. If the time series has a repeating pattern, then there will
be just as many similar vectors of length m+1 as there are of length m (i.e., the
length of the vector wouldn’t make any difference in how many repeats are found).
For the analysis of a time series with unknown structure, the idea is to compare the
number of similar vectors of length m with the number of similar vectors of length
m+1, and use the result as a measure of the randomness of the time series. The
ApEn typically ranges from O to 2. Values closer to O are consistent with greater
periodicity and regularity. Conversely, values nearing 2 represent greater
unpredictability and irregularity [86-88]. The higher the unpredictability is in a time
series, the larger the value of the ApEn. In gait, the ApEn values obtained from joint
kinematics were found generally in the range [0.28-0.50] [106]. Accordingly, the
probability that similar patterns are followed by additional similar patterns in the gait
time series is high, reflecting a high level of predictability. An important point to
mention, however, is that ApEn is not genuinely able to dissociate between chaotic
and random fluctuations of the gait patterns. To counter such a limitation, Miller et al.
[72] have also applied surrogation techniques to their ApEn calculations and
obtained ApEn values from the surrogated gait data (both Theiler and PPS
algorithms) larger than the original ApEn values, confirming the presence of subtle
chaotic fluctuations in gait.

Since recently, a growing number of human gait studies use ApEn in the hope of
gaining insight into the fluctuations presents in the walking pattern and factors that
affect them. For instance, ApEn has been successfully applied to lower limb joint
kinematics of preadolescent children with Down syndrome [9], patients with anterior
cruciate ligament deficiency of the knee [25, 76], Parkinson's disease patients after
levodopa therapy [59], as well as to minimum foot clearance of older adults with a
history of falls [53, 57]. Together, these investigations have revealed that ApEn
correlates well with pathology while, in some cases, it is predictive of subsequent

clinical outcomes.

[Insert Figure 3 about here]

Conceptual framework of movement variability



Variability of human gait offers many functional benefits. Multiple cortical and
subcortical sites contribute to functional gait, that is, the skills required to carry out
difficult tasks and negotiate a wide range of conditions. Specifically, this plasticity
allows the locomotor system to cope with the exigencies of an unpredictable and
changing environment. A reduction or deterioration of the chaotic nature of these
temporal variations of the gait pattern represents a decline in the “healthy flexibility
and adaptability” that is associated with rigidity and inability to adapt to stresses [33,
45, 64-66, 104, 105].

Using this framework as a foundation, Stergiou et al. [107] have proposed a
model to explain the rhythms complexity as it relates to health. Through the study of
movement variability they proposed the theory of “optimal movement variability”,
which is pioneering in the sense that it relates in an inverted U-shape relationship the
concept of complexity with the concept of predictability. Practically at this optimal
state of movement variability the biological system is in a healthy state and is
characterized by the largest possible effective complexity (i.e., the uppermost point
along the inverted U-shaped function), attaining high values only in the intermediate
region between excessive order (i.e., maximum predictability) and excessive disorder
(i.e., no predictability). This variability has deterministic structure and specifically
chaotic and reflects the adaptability of the system to environmental stimuli and
stresses. Decrease or loss of this optimal state of variability renders the system more
predictable and more rigid. However, Stergiou et al. [107] also added that an
increase beyond optimal variability renders the system more noisy, unstable and
unpredictable. Both situations result in decreased complexity, which means
decreased flexibility and adaptability to perturbations, such as those associated with
unhealthy states (Figure 4).

[Insert Figure 4 about here]

Addressing ACL injury through knee kinematic variability

A specific musculoskeletal injury that could benefit from the theory of optimal
movement variability is anterior cruciate ligament (ACL) rupture, which is a very
common sports injury. In fact, lesions of the ACL occur frequently, particularly in
young adult athletes, and represent the majority of the lesions of knee ligaments [48,
73]. The ACL is an important stabilizer of the knee joint. This is due not only to the
mechanical properties of the ligament but also to the afferent information provided to
the central nervous system by the mechanoreceptors that exist in the ACL [47, 99,

103]. The loss of the ACL is associated with excessive anterior tibial translation and
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tibial rotation [26, 70, 71]. Furthermore, ACL deficiency has been related to
alterations in joint movement patterns during locomotion [5, 12, 26] and increased
amount of osteoarthritis and meniscal injuries in the knee joint [11, 41, 71]. However,
the underlying neural mechanisms responsible for this behavior of the ACL-deficient
knee have not been understood. Assessing the functional dynamic knee stability (i.e.,
the stability of the knee during gait) using a nonlinear dynamic approach can
enhance our understanding of these mechanisms. In addition, no consensus exists
on the optimal treatment of this injury. For instance, a great controversy exists
regarding the superiority of the autografts used for ACL reconstruction and how the
disruption of the proprioceptive information provided by the ACL can be restored.
Thus, specific questions could be investigated with respect to ACL injury and
treatment through the study of knee kinematic variability. Such questions are: (1) how
knee kinematic variability is affected in ACL rupture?; (2) is knee kinematic variability
restored after ACL reconstruction and which autograft is the most suitable for ACL
reconstruction?; and (3) which mechanisms underlying gait are revealed by studying
knee kinematic variability through this injury?

Below we will address these questions by (1) reviewing our previous research to
assess knee kinematic variability in ACL-deficient and ACL-reconstructed patients
(summarized also in Table 1), and (2) discussing proposed theories for movement
variability and its relationship under the results obtained from ACL-related studies to

identify future directions for investigations.

ACL-deficient knees

In our first study [108], we investigated the effect of walking speed on kinematic
variability of the ACL-deficient knee. The LyE was calculated from the knee joint
flexion-extension time series (Table 1; Figure 2). The deficient knee had significantly
more divergence in the knee flexion-extension movement trajectories over time than
the contralateral intact knee. Furthermore, increases in walking speed did not affect
the knee flexion-extension movement patterns for our subject population. Therefore,
we proposed that the altered dynamical properties of the ACL-deficient knee lead to
lack of ability to cope with various perturbations. Clinically, the ACL-deficient knee is
less able to adjust to the unpredictable and ever changing environmental demands.
Thus, the ACL-deficient knee over time develops further knee pathology possibly in

terms of osteoarthritis and meniscal damage.

In a follow-up study [25], we sought to further verify that differences between the

ACL-deficient and the contralateral intact knee do exist (Table 1). To this end, we
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used a different metric, the ApEn to examine the knee joint flexion-extension time
series. Findings revealed that the ACL-deficient knee exhibited more regular patterns
than the contralateral intact knees and verified the results of our first study. This
clinically means that the loss of afferent proprioceptive input in the ACL-deficient
knee resulted in a decrease in the adaptability of the system rendering it less able to
adjust to perturbations. Furthermore, as walking speed increased the knee joint
flexion-extension pattern became more irregular. This is probably due to the fact that
faster walking requires the recruitment of additional resources (e.g., motor units),
resulting in increased possibility of error (randomness) within the system.

In both previously reported studies, the ACL-deficient knee was compared to the
contralateral intact knee. There is biomechanical evidence, however, that after ACL
rupture, adaptations occur not only in the ACL-deficient knee but also in the intact
contralateral knee, when compared to healthy controls [5, 20, 116]. Therefore, it was
unclear if the results of the above mentioned studies could be generalized in terms of
ACL deficiency and comparisons with healthy controls. Thus, in a follow-up study [75]
we compared individuals diagnosed with ACL rupture using MRI criteria and matched
healthy controls that walked with the same speed (Table 1). The LyE was calculated
from the knee joint flexion-extension time series of both groups. As predicted, the
results revealed that the ACL-deficient knee had a more rigid behavior as it was the
case when was compared with the intact contralateral knee. Clinically, this increased
rigidity means that the exact same areas of the articulating bones are loaded without
any dispersion or distribution of pressure, providing a possible explanation why the
ACL-deficient knee over time develops further injury and osteoarthritis.

Lastly, because backward walking is used by physical therapists to strengthen
the hamstring muscles and thus improve the function of the knee joint of ACL-
deficient patients, we recently investigated kinematic variability of the deficient knee
during backward walking [124]. The results further verified the above findings since
ACL deficiency resulted in more rigid movement patterns as compared to healthy
controls that walked at the same speed. Thus, we verified that these findings are
present regardless of direction of walking (forwards vs. backwards). Clinically, this
could imply diminished functional responsiveness to the environmental demands for
both knees of ACL-deficient patients, which may result in knees more susceptible to
injury.

Collectively, all the above findings proved unequivocally that ACL deficiency
causes altered variability in the knee flexion-extension movement patterns. These
alterations may be due to altered muscular activity in the ACL-deficient patients to

compensate for the loss of the ligament. Actually, it has been shown that the ACL
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plays an important role in knee stability because of its mechanical properties and the
mechanoreceptors that exist in it [47, 103]. For instance, using both animal and
human models, it has been demonstrated that the activation of the ACL
mechanoreceptors induces hamstring contraction resisting anterior tibial translation
(ACL-hamstring reflex) [19, 23, 114]. The loss of proprioceptive input from the
mechanoreceptors that exist in the ACL may lead to changes in the central nervous
system, which in turn leads to the development of altered muscular patterns and
postural synergies [10, 13, 81]. For instance, Courtney et al. [17] showed that ACL-
deficient patients exhibit altered somatosensory evoked potentials as well as different
gastrocnemius and hamstrings activity during treadmill walking. Di Fabio et al. [13]
reported the activation of a long loop, capsular hamstring reflex due to increased
mechanical laxity at the ACL-deficient knee. In addition, it has been shown that there
are indeed changes in the central nervous system after ACL rupture [118]. The
above changes are reflected in alterations in variability in the knee flexion-extension
movement patterns during walking implying diminished functional responsiveness to
the environmental demands which could result in the deficient knees being more
susceptible to future pathology. Recently, Tzagarakis et al. [115] suggested that a
chronic ACL rupture generates less variability during walking than an acute ACL
rupture, because of the adaptation mechanisms that are developed. Gradually
progressing or chronic conditions allow an individual to adapt their gait patterns. This
might explain the difference in results from their study [115] compared with our
results obtained in chronic ACL rupture [25, 75, 108]. This should be a topic of further
investigation in the future where longitudinal studies will provide critical insights.

The above also pointed towards another very important clinical question. If ACL
reconstruction could restore variability in the knee flexion-extension movement

patterns during walking to the normative levels of the healthy controls.

After ACL reconstruction

The purpose of ACL reconstruction is to restore the function of the knee to
normal and prevent the development of any future pathology in the joint. Is this
accomplished with respect to variability in the knee flexion-extension movement
patterns during walking? Which of the two most commonly used autografts (bone-
patellar tendon-bone [BPTB] and quadrupled semitendinosus-gracilis [ST/G]) is the
most effective in restoring this variability after ACL reconstruction?

In order to answer these questions, we investigated the functional outcome after
ACL reconstruction using either BPTB or quadrupled ST/G autografts [76] by

evaluating the regularity of the knee joint flexion-extension motion patterns using
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ApEnN. Findings revealed that patients at two years after ACL reconstruction, using
either BPTB or quadrupled ST/G, exhibited a more noisy and unpredictable knee
flexion-extension movement patterns as compared to uninjured healthy matched
controls who walked at the same speed. It is important clinically that there were no
differences between the two grafts. As suggested in the literature, these results could
be related to the altered neuromuscular activity found in the ACL-reconstructed knee.
Hiemstra et al. demonstrated that there is both a knee extensor and knee flexor
strength deficit [42], while there are also changes in the agonist/antagonist
neuromuscular balance in the ACL-reconstructed knee using an ST/G autograft [43].
Practically, it has been shown that BPTB reconstructed knees exhibit an increased
guadriceps strength deficit while the ST/G reconstructed knees have an increased
hamstrings strength deficit [20]. These changes in muscular performance could be
neural in origin. Specifically, the lack of afferent proprioceptive input due to the
replacement of the natural ACL or the alterations at the harvesting site result in
changes the neural control of the knee [46, 102]. Moreover, due to the different
mechanics of the joint, the afferent input from the mechanoreceptors around the knee
joint may be different from those of a healthy knee [56]. This is reflected in the
variability analysis of the knee flexion-extension movement patterns during walking.

In our first study on ACL reconstruction [76], no data on the contralateral limb
was reported; although it has been shown that after ACL reconstruction there are
also biomechanical adaptations in the intact knee [20, 44]. We therefore used the
LYE to investigate the variability in the knee flexion-extension movement patterns
during walking after ACL reconstruction using either a BPTB or a quadrupled ST/G
autograft [77]. Findings revealed that ACL reconstruction also altered the variability in
the knee flexion-extension movement patterns during walking in the intact
contralateral leg. We propose that this alteration is a compensatory mechanism in
order to maintain some degree of symmetry between the two legs. This is consistent
with previous studies that have identified bilateral lower extremity accommodations in
gait biomechanics and muscular performance in ACL-reconstructed patient [20, 44].
Specifically, Hiemstra et al. [44] showed that there are strength deficits in the knee
extensors and knee flexors also in the intact limb after ACL reconstruction, when
compared to uninjured control group.

As mentioned earlier, ACL-deficient subjects exhibited decreased LyE and ApEn
values (i.e., increased rigidity and regularity of the knee flexion-extension movement
patterns). On the other hand, increased values were found after ACL reconstruction.
In addition, no difference was found between the two grafts, which indicate a lack of

superiority of one graft over the other with respect to knee kinematic variability.
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Clinically, these results can be explained by the following hypothesis. An individual
that now knows that the ACL is reconstructed feels “secure” to increase and add
extra motion. However, since the proper proprioceptive channels are not there, knee
motion variability and knee function are not restored to normative levels. On the
contrary, ACL-deficient knee patients are more “careful” in the way they walk trying to
eliminate any extra motion, and thus their walking is more rigid. Our results also
signify that the present reconstruction techniques or the grafts used (i.e., single graft
bundle, typical transtibial drilling of femoral tunnel) are not sufficient in restoring knee
kinematic variability to normal. A possible explanation for the inability is the absence
of complete reinstatement of the actual anatomy of the ACL [27, 52]. Cadaver and in
vivo studies have highlighted limitations of current surgical approaches for restoring
normal knee anatomy and function, and led to a surge of interest in anatomical ACL
reconstructions that attempt to better reproduce the two-bundle anatomy and its
insertion sites. Another possible explanation is that ACL reconstruction cannot
restore the proprioceptive pathways found in a healthy knee [46, 102]. Accordingly,
an ACL injury should be regarded as a neurophysiological dysfunction, not being a
simple musculoskeletal injury [49]. Therefore, it is critical to improve our current
reconstruction techniques to better replicate the actual morphology of the ACL and
improve the ability of the joint to provide proprioceptive information via new

rehabilitation techniques.

A new model to explain movement variability in ACL deficiency and reconstruction

The results from our studies provided support for the optimal movement
variability proposition (Figure 4). Specifically, healthy gait is characterised by an
optimal state of movement variability, which offers maximum complexity, where
complexity is defined as highly variable fluctuations in physiological processes
resembling chaos. This state allows for flexibility, adaptability, and ability to respond
to unpredictable stimuli and stresses. In our above experiments this is the state that
is exhibited by our healthy controls. Decrease or loss of this optimal state of
movement variability is associated with a system that is more rigid and very
repeatable, as we demonstrated in the ACL-deficient knee. This is a state of
decreased complexity and high predictability (Figure 4). Increase beyond optimal
variability is associated with a system, which is noisy and irregular, as we
demonstrated in the ACL reconstructed knee. This is a state of decreased complexity
and low predictability (Figure 4).

Furthermore, the impaired variability noted in the deficient or reconstructed knee

using either graft could imply inability to respond to the environmental demands. It
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could therefore be speculated that this is the reason that both situations linked to
susceptibility to further injury and development of future pathology. Indeed, long
follow-up studies have shown an increased incidence of osteoarthritis in the ACL-
deficient and reconstructed knees [4, 79, 80, 91]. However, and as we mention
below, it is critical to explore variability in the knee movement patterns during walking
in longitudinal studies and utilize nonlinear measures as an important component of

post-reconstruction medical assessment.

Considerations for future works

Based on the above it is evident that the examination of knee kinematic variability
can provide us with useful information concerning the changes that are introduced in
the neuromuscular function after ACL rupture and reconstruction. However, much
research work remains. We certainly need longitudinal studies with large numbers of
patients enrolled where nonlinear variability measures of knee kinematics will be
correlated to clinical and radiological findings. In addition we have not explored
differences in knee kinematic variability between patients with complete ACL rupture
that have instability with activities of daily living (non-copers) and those that had
returned to all pre-injury activity without limitation (copers) [74, 94].

In addition, as stated earlier, the results on knee kinematic variability may signify
the improvement of the current reconstruction techniques in order to better replicate
the actual morphology of the ACL, and development of new rehabilitation techniques,
which will improve the ability of the joint to provide proprioceptive information, may be
needed. Thus, it is imperative to examine knee kinematic variability once new
techniques have been developed.

Clinically, we believe that the examination of knee kinematic variability using
nonlinear methodology can eventually become a routine examination among
orthopaedic surgeons and sports medicine specialists to examine the functional
outcome of an ACL reconstruction, or any disorder that affects gait, or even of
rehabilitation programs. This practically will be for these clinicians what exactly
cardiologists do with heart rate variability using the Holter devices. Similarly, we
anticipate this to be an easy procedure, which will be based on the usage of a
handheld and a wearable device that can acquire data from the patient while walking.
The data from the wearable device (i.e. adhesive electrogoniometer) will be
downloaded seamlessly to the handheld via wireless technology for evaluation. The
software loaded on the handheld will be capable to analyze the data with nonlinear
methodology and provide with comparisons to a normative database. In this fashion,

the surgeon will be able to assess the complexity and repeatability of the knee
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movement patterns during walking. Based on this evaluation, recommendation can

be made for further rehabilitation or return to sports.

Conclusion

Future sports medicine investigations should attempt to determine (1) the
reliability of nonlinear measures in athletes with ACL reconstruction; (2) how long the
values of nonlinear measures remain altered after ACL reconstruction; (3) what
surgical techniques can lead to the eventual return of nonlinear values to normative
levels; and (4) what neurophysiological or mechanical mechanisms explain the
changes in nonlinear measures after ACL reconstruction. Ideally, these investigations
would lead to the determination of whether altered values of the nonlinear measures
after reconstruction are associated with an increased risk for subsequent injury

recurrence and future knee pathology.
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APPENDIX

The behavior of a continuously changing system can be periodic, random or chaotic.
Periodic systems are organized and are repeatable and predictable (Figure A).
Random systems, on the other hand, contain no order and are unpredictable. Their
behavior is never repeated (Figure B). Chaotic systems have characteristics of both.
They seem to be random but they contain order and are deterministic in nature. They

are unpredictable, very flexible and can operate under various conditions (Figure C).

Figure A
Graphic representation of a periodic system [sin(1/10)] (a) and the corresponding
phase plane plot (b), where the time series data is plotted versus the first derivative.

The LyE and ApEn value for this system are 0.1 and O respectively.

x(t)
X'(t)

Time (1) x(t)

Figure B
Graphic representation of a random system (Gaussian noise centered on zero and a
standard deviation of 1.0) (a) and the corresponding phase plane plot (b). The LyE

and ApEn value for this system are 0.1 and 0.45 respectively.

x(t)
(

Time (t) x(t)
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Figure C
Graphic representation of a chaotic system (the Lorentz attractor) (a) and the

corresponding phase plane plot (b). The LyE and ApEn value for this system are

0.469 and 2 respectively.
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Time (1)
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FIGURE LEGENDS

Figure 1. (A) An electrocardiogram (ECG) record, representing the electrical activity
of the heart over time. The R-R interval represents the time duration between two
consecutive R waves. (B) R-R interval time series. Even though the interval is fairly
constant, it fluctuates about its mean (solid line) in an apparently erratic manner. The
data used for the traces (A) and (B) were obtained from the free web resources
available on Physionet (http://www.physionet.org).

Figure 2. lllustration of the calculation of the largest Lyapunov exponent (LyE) from
the phase plane of an ACL-deficient knee motion. (A) An original ACL-deficient knee
angle flexion-extension time series. The time series has been shorten to only a few
strides for a clarity purpose. (B) The corresponding phase plane, with x(t) the angular
position and x'(t) the angular velocity. (C) A section of the state space where the
divergence of neighboring trajectories is outlined. The LyE is calculated from the

exponential divergence of nearest neighbors of the attractor over time.

Figure 3. lllustration of the calculation procedure of the Approximate Entropy (ApEn)
from an original ACL-deficient knee angle flexion extension time series. The time
series has been shorten to only a few strides for a clarity purpose. (A) The time
series is first divided up into short vectors of similar length m. One of these vectors is
represented on the figure by the arrow between the points u(44) and u(45). Then, for
each of the vectors, the procedure consists of counting up how many of the other
vectors are similar. Vectors are considered similar to the original vector when their
tails and tips are contained within a band of width r above and below those of the
original vector, here u(44) £+ r and u(45) £ r. The vectors that have been found similar
to the original vector [u(44);u(45)] are represented by the other arrows. Note that the
input parameters m and r have been set to 2 and 0.6 x standard deviation of the time
series as it is commonly done in gait studies. (B) Such a procedure is then repeated
for vectors that are one longer, i.e. length of m+1. ApEn is then obtained by
calculating the natural logarithm of the relative prevalence of repetitive patterns of

length m compared with those of length m+1.

Figure 4. Theoretical model of optimal movement variability as it relates to health.
Adapted from Stergiou et al. [107]. In this theoretical model, greater complexity is
characterized by chaotic fluctuations and is associated with a healthy state of the
underlying system while lesser decreased complexity is associated with both periodic

and random fluctuations where the system is either too rigid or too unstable. Both
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situations characterize systems that are less adaptable to perturbations, such as
those associated with unhealthy states. The notion of predictability has also been
implemented in the model, mainly to differentiate between the random (too unstable)
and periodic (too rigid) rhythms. Indeed, low predictability is associated with
random/noisy and unstable systems, while high predictability is associated with
periodic systems that are highly repeatable and rigid in their behaviors. In between
there are chaotic, highly complex, based behaviors where the systems are neither
too noisy nor too rigid. The individual signals are presented in Appendix.
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Table 1. Summary of main results.
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Authors

Comparisons/Metrics

Results

ACL DEFICIENCY

Patients with unilateral
ACL-deficiency
(deficient vs. intact knee)
Metric: LYE of knee
angular displacement

Stergiou et al.
Clin. Biomech.
[64]

The ACL-deficient knee exhibited larger LyE
values than the contralateral intact knee.
Increases in walking speed did not alter the
LyE values for either knee (deficient and
intact).

Patients with unilateral
ACL-deficiency

Georgoulis et al.
J. Clin. Monit. Comput.

The ACL-deficient knee exhibited lower ApEn
values (greater regularity) than the

[76] (deficient vs. intact knee)  contralateral intact knee. ApEn values
Metric: ApEn of knee increased with increases in walking speed,
angular displacement  regardless of deficiency status.

Moraiti et al. Patients with unilateral  Patients exhibited lower LyE values than

Knee Surg. Sports
Traumatol. Arthrosc.
[65]

ACL-deficiency vs.
healthy controls
Metric: LYE of knee
angular displacement

healthy controls.

Tzagarakis etal. J  Patients with acute

Patients exhibited higher GEDEM index than

Int. Med. Res. isolated ACL rupture healthy controls. A ROC analysis was used
[110] vs. healthy controls to assess the diagnostic value of the method
Metric: GEDEM index  and to determine a cut-off entropy value. The
of medio-lateral trunk GEDEM cut-off value had a 95.6% probability
acceleration of separating patients from controls.
Zampeli et al. Patients with unilateral ~ Both knees of the patients exhibited lower
Clin. Biomech. ACL-deficiency vs. LyE values than those of healthy controls,
[66] healthy controls revealing more rigid motion pattern. The
(backward walking) intact knee of the patients showed lower LyE
Metric: LyE of knee values than their deficient knee. These
angular displacement  results hold regardless of walking direction
(forwards in [65] vs. backwards in [66]).
ACL RECONSTRUCTION
Moraiti et al. Patients with BPTB vs.  Both patient groups had larger ApEn values
Arthroscopy with quadrupled ST/G  (greater irregularity) than healthy controls. No
[80] ACL-reconstruction vs.  significant differences were found between
healthy controls the two autografts.
Metric: ApEn of knee
angular displacement
Moraiti et al. Patients with BPTB vs.  Both patient groups had larger LyE values
Gait Posture with quadrupled ST/G  than healthy controls, although clinical
[67] ACL-reconstruction vs. outcomes indicated complete restoration. No

healthy controls
Metric: LYE of knee
angular displacement

significant differences were found between
the two autografts. The intact contralateral
knee had larger LyE than the ACL-

reconstructed knee in both patient groups.

LyE: Largest Lyapunov exponent
ApEn: Approximate entropy
GEDEM: Gait Evaluation Differential Entropy
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