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Abstract The aim of this study was to establish whether
there are any electromyographic (EMG) differences after
two different surgical techniques in two years follow-up
after anterior cruciate ligament (ACL) reconstruction.
Study participants were divided into three groups. The control
group included healthy athletes (C), the first study group (E1)
consisted of injured athletes who were treated by ACL
reconstruction using patellar tendon graft and the second
study group (E2) comprised injured athletes treated by gracilis
and semitendinosus tendon graft. The threshold of muscle
activity was defined as 30% of maximum amplitude of EMG
signal medial envelope of individual muscles in the control
group. Two years after reconstruction, the E2 group achieved
the maximum amplitude of biceps femoris muscle signal in
the takeoff phase statistically significantly later than the E1
group (0.0166, p=0.05 and 0.015152, p=0.05/3= 0.016),
whereas the rectus femoris muscle in the flight phase in the
E2 group improved statistically significantly earlier than in
the C group (0.0393, p=0.05 and 0.025974, p=0.05/3=
0.016). The results of this study show particularly statisti-
cally significant differences between observed surgery
techniques, which led to the change of the neuromuscular
pathway during simple and controlled knee movements even
two years after ACL reconstructions in athletes who
returned to active training. These disturbances of muscle

work coordinations in the knee joint could be tied to the
function and location from which the graft was taken
rather than the quality of the transplant itself. This may
result in an increased risk of repeated knee injury,
including potential permanent health consequences in
athletes. Based on the results of this research, we were
unable to establish which of the presented ACL recon-
struction techniques is more appropriate. This study may
be useful for athletes and their coaches, who could plan,
programme and adequately adjust their training process,
thereby improving knee function in the best possible
way, which in turn would maintain and extend athletes’
respective sports careers.

Introduction

The most widespread sporting activity in the world is
soccer, and the highest incidence of anterior cruciate
ligament (ACL) injury has in fact been recorded in soccer,
so it is not surprising that the most common injury forcing
active soccer players to pause their sports activity is ACL
rupture [1]. The goal of ACL reconstruction is clearly to
reinstate the previous complete knee stability with proper
muscle function and full knee mobility [17]. To achieve
that, surgeons reconstruct the ruptured ACL, mostly
applying one of two types of autografts: bone–patellar-
tendon and bone and hamstring-tendon graft [7, 8, 22],
although some other techniques are also in use [21]. In the
1970s and for next three decades, patellar tendon graft was
the most popular choice. In the light of harvest site
morbidity and postoperative stiffness associated with
patellar tendon graft, many surgeons began to choose
semitendinosus and gracilis graft [9, 16, 18]. The actual
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value of both methods is evaluated in various tests, mostly
combining objective measurements and subjective patient
opinions [2, 20, 23–25]. The most commonly used tests are
the Single Assessment Numeric Evaluation Score, Lysholm
Score, International Knee Documentation Committee Score
and Knee Injury and Osteoarthritis Outcome Score [12].
Some authors, however, consider that conventional evalu-
ation of ACL reconstruction with these tests is not good
enough, as they cannot imitate the situations in modern
sports that are extremely demanding of the knee. For a
realistic evaluation of ACL reconstruction, it is necessary to
introduce dynamic functional stability tests. In their
biomechanical – kinematic study, Chouliaras et al. [5]
described one such test: it was demonstrated that the knee
reconstructed by the hamstring method cannot prevent
excessive internal lower-leg rotation on landing and in
strong upper-body rotation. It was previously established that
reconstruction by the patellar method also fails to
sufficiently stabilise the knee in similar situations. The
authors therefore concluded that neither of these grafts
provides sufficient stabilisation of tibial rotation and that
further improvements in technique of ACL reconstruction
are necessary to achieve better anatomical position and
improve function. In our view, further biomechanical
analyses are essential to determine the actual state of
muscle function following ACL reconstruction, especial-
ly in the highly challenging situations of modern sports.

The aim of the research was to establish whether there
are any qualitative neuromuscular changes and departures
from healthy movement pattern shown in the surface
electromyographic (EMG) signal and to what extent such
changes and deviations differ in terms of the applied
surgery technique two years after ACL reconstruction.
The study considered two most commonly applied recon-
struction techniques using grafts of either semitendinosus or
gracilis muscles or the medial third of the patellar ligament.
As opinions about which of the two grafts is more
appropriate in highly physically demanding individuals or
athletes still differ, the results of this study could be used to
improve rehabilitation programmes and as additional
criteria for selecting the reconstruction method (i.e. for
defining the criteria for such selection). This would
certainly contribute to the quality of recovery and enable
athletes to resume their professional sports activities earlier
[14, 19].

Methods

The measurement protocol comprised two points in time
that are important in athletes’ rehabilitation and training.
The initial measurement was conducted seven days prior to
the reconstruction, during the preparation of the individual

for surgery. The respective reconstruction method for
individuals was chosen by random sampling. The second
measurement took place two years after ACL reconstruc-
tion. In the period of the second measurement, the sports
strains to which the individuals were exposed were
identical to the strains prior to the injury. ACL reconstruc-
tions were performed under identical conditions, in the
same clinic and by the same surgeon. The rehabilitation
programme was also conducted under identical conditions,
in the same polyclinic and under supervision of the same
physical therapist [14]. Study participants were divided into
three homogenous groups. The first study group consisted
of injured athletes (soccer players) who were treated by
ACL reconstruction technique including patellar tendon
graft (E1). The second study group comprised injured
soccer players treated by ACL reconstruction technique
including gracilis and semitendinosus tendon graft (E2).
The third group (control group) comprised healthy soccer
players (C). The groups each consisted of ten individuals,
and the basic descriptive statistics for anthropometric
characteristics are shown in Table 1.

Signal samples were measured original surface (EMG)
signals of the four dominant knee muscles (rectus femoris,
vastus medialis, vastus lateralis and biceps femoris)
measured whilst executing the motor task of single-leg
vertical jump. In recording the EMG signal, the electrodes
were positioned on the individual’s body in line with the
SENIAM protocol [10, 11]. Single-leg vertical jump was
chosen as it connects a large number of specific movements
and techniques occurring in numerous sports or activities.
In addition, this jump isolates muscular operation and
activity of the individual knee joint where the impact of the
other leg is not possible [13, 15].

Participants performed the task three times with one leg,
but further analysis included only one measurement for
each athlete, respectively. The motor task was divided into

Table 1 Basic descriptive statistics for anthropometric characteristics
of the three groups

Group Year of Birth [year] Mass (kg) Height (cm)

E1 MD 1978.5 78.5 178

Max 1986 84 185

Min 1973 71 172

E2 MD 1979 78.5 177

Max 1983 81 185

Min 1973 75 175

C MD 1983.5 77.5 180.5

Max 1985 87 184

Min 1977 70 170

MD , E1 patellar tendon graft, E2 gracilis and semitendinosus tendon
graft, C control group
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five characteristic phases identified through monitoring of
the vertical component of the ground reaction force on a
Kistler platform [19]. The crucial (and also the central) part
of the signal was defined as the moment of re-established
contact with the ground after the flight phase. In the time
domain, the following phases of the single-leg vertical jump
were defined, their duration being expressed as the
percentage of jump-cycle duration: prejump, takeoff, flight,
landing 1 and landing 2 (Fig. 1). The jump was analysed
over its entire duration, and subsequent analysis of
individual jump phases were conducted. Signal processing
was done with MATLAB software.

The surface EMG signal was recorded using the
multichannel EMG device (TELEMG, BTS) and electrodes
placed in compliance with the SENIAM protocol. The
measuring period for single jumps was 4 s (2 s before and
2 s after the first contact with the landing base), with
sampling frequency of 1,000 Hz. First, the signal was high-
pass filtered with a fifth-order Butterworth filter with 15 Hz
frequency in order to eliminate displacement artefacts.
After the displacement artefacts were removed, signals
dominated by various artefacts were excluded by visual
inspection of the recorded signal and measurements of the
same individuals were repeated. The remaining signals
were full-wave-corrected and low-pass-filtrated with fifth-
order Butterworth filter of 5 Hz frequency to obtain signal
envelopes. Time normalisation of the signal was conducted,
i.e. jump duration was shown in the range of 0–100%. The
threshold of muscle activity was defined as 30% of
maximum amplitude of EMG signal medial envelope of
individual muscles in the control group. Sections of EMG
signal with amplitude exceeding the defined threshold were
considered to be muscle activity periods and were further
analysed (Figs. 2 and 3).

The following variables were defined for describing the
signal envelopes obtained: the initial moment of muscle
activation: tstart; the moment of the end of muscle
activation: tend; the moment when the maximum amplitude
of EMG signal is reached: tmax; and duration of activation
expressed in the percentage of the duration of the observed

jump section: tdur. Due to the specific features of the
population and to the complex character of the study,
resulting in a small number of samples per group,
nonparametric statistical methods for data analysis were
applied [4]. To detect differences between groups, Kruskal–
Wallis test was used (α=0.05). If statistically significant
differences were found, further testing was conducted using
the consecutive Mann–Whitney U test, applying Bonferroni
[3, 6] correction (α=0.05/3=0.0167). Statistical analysis
was conducted with the StatSoft Statistica software.

Results

Statistical analysis of defined variables over the entire jump
duration showed no statistically significant differences. We
therefore conducted statistical analysis of the same varia-
bles defined per individual jump phases. The values
obtained are presented in Table 2 and indicate muscle-
function differences between groups. Kruskal–Wallis
(0.0166, p=0.05) and Mann Whitney (0.015152, p=0.05/
3=0.016) tests indicate a statistically significant delay of
maximum amplitude in the E2 group but the same group
reached the maximum amplitude significantly sooner in the
flight phase. Also, Kruskal–Wallis (0.0433, p=0.05) and
Mann–Whitney U (0.025974, p=0.05) tests indicated
maximum amplitude statistically significantly sooner than
in the E1 group.

Discussion

According to the latest study pursuing comparison of values
of the two most common ACL reconstruction methods,
none show any intrinsic differences in terms of subjective,
objective and functional outcome [23]. The previous study,
conducted a few years earlier, which included a seven year
follow-up, showed significantly higher arthrosis rate in the
patellar group, whilst all other parameters were the same. In
their conclusion, the authors recommended the hamstrings

Fig. 1 Review of vertical jump
phases defined by the vertical
component of the ground reaction
force and duration of these
phases expressed as the percent-
age of overall cycle duration
of 4 s. The phases include
prejump from 0–16% (a),
takeoff from 16–45% (b),
flight from 45–51% (c),
landing 1 from 51–61% (d) and
landing 2 from 61–100% (e)
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autograft, although there was a tendency to rupture (not
statistically significant) [20]. In their extensive study,
Katabi et al. [16] emphasise the significantly higher
occurrence of femoropatellar pain in the patellar group,
but in view of the fact that at the same time knee stability
was significantly higher in this patient group, the patellar
method is recommended as the gold standard for ACL
reconstruction in athletes, especially those practicing pivot-
ing sports.

The analysis per jump phases conducted with nonpara-
metric statistical analysis methods showed certain differ-
ences between groups. In the prejump (first phase) and
landing 2 (last phase), no statistically significant differences
were recorded. Two years after ACL reconstruction,
statistically significant changes of muscle activity pattern

were recorded; however, this time it was observed to be
much greater on the back side of the upper leg. These
differences are particularly evident in reaching the maxi-
mum amplitude of EMG signal of biceps femoris muscle in
takeoff and flight phases. The group consisting of injured
soccer players treated by ACL reconstruction with gracilis
and semitendinosus tendon graft (E2) reached the maxi-
mum amplitude of the signal of biceps femoris muscle in
the takeoff phase later than the group treated with patellar
tendon graft. Reaching the maximum amplitude signifi-
cantly sooner may be attributed to a certain muscle
preactivation functioning as the prevention of overstraining
the muscle in the most challenging phase, landing 1.
Following the application of Bonferroni correction, there
were no statistically significant differences, but taking into

Fig. 2 Review of medial envelopes of electromyographic (EMG)
signals in the patellar tendon graft (E1) group for the vastus medialis,
vastus lateralis, rectus femoris and biceps femoris muscles. The x
coordinate represents the duration of the jump time normalised to 0–1

(0–100% of the cycle). The y coordinate represents the medium
envelope amplitude of the EMG signal (V). The entire envelope is
marked black, and the periods of muscle activity are highlighted in red
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Fig. 3 Review of medial envelopes of electromyographic (EMG)
signals in the gracilis and semitendinosus tendon graft (E2) group for
vastus medialis, vastus lateralis, rectus femoris and biceps femoris
muscles. The x coordinate represents the duration of the jump time

normalised to 0–1 (0–100% of the cycle). The y coordinate represents
the medium envelope amplitude of the EMG signal (V). The entire
envelope is marked black, and the periods of muscle activity are
highlighted in red

Table 2 Review of statistically significant differences between groups 2 years after anterior cruciate ligament (ACL) reconstruction according to
individual jump phases, variables and muscle

Twoyears after ACL reconstruction

Phase Variable Muscle Difference Kruskal–Wallis Mann–Whitney

Takeoff tmax BFCL E1 reached maximum amplitude sooner than E2 0.0166* 0.015152**

E1 reached maximum amplitude sooner than C 0.0166* 0.013986**

Flight tstart RF E1 activated the muscle sooner than C 0.0393* 0.013986**

tmax BFCL Not significantly significant (Bonferroni) 0.0433* 0.025974**
E2 reached maximum amplitude sooner than E1

The variable tmax indicates the moment when maximum amplitude of electromyographic signal is reached, whereas tstart indicates the moment of
the beginning of muscle activity in the observed jump phase

RF rectus femoris, BFCL biceps femoris

* Significantly different at p<0.05, ** Significantly different at p<0.01/3=0.016
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account the low sample count and the strictness of the
criteria imposed by Bonferroni correction, we find these
findings indicative; and despite the fact that no statistically
significant changes in landing were observed, in our
opinion, there was an overstrain of the biceps femoris
muscle in this group. Maybe this phenomenon can be
attributed to the lack of function of gracilis and semite-
ndinosus muscles, which were the sources of autografts in
this group. To compensate for the lack of one of the
stabilisers in the joint, the biceps femoris muscle assumes
the key role in stabilising lower-leg movement.

As opposed to results in the E2 group, ACL reconstruc-
tion with a patellar tendon graft (E1 group) was statistically
significantly different from the control group in terms of the
activity of frontal upper-leg musculature. According to the
analysis the rectus femoris muscle was activated statistical-
ly significantly earlier in the flight phase. As in the E2
group, this difference may be attributed to autograft
material harvest location, i.e. to a certain prevention of
overstrain in the form of muscle preactivation prior to
contact with the ground.

It is known that some phases of the vertical jump do not
load the knee joint equally. Therefore, most neuromuscular
differences were expected in the landing phase, when the
ground forces are by far the greatest. No differences were
recorded between groups during this phase, which leads to
the conclusion that during the highest loads and demands
on joint stability, both reconstruction techniques serve their
purposes. The differences in neuromuscular activation are
noticed in the previous, or flight, phase. This could be
explained by the need for muscle pre-activation, which
prepares the muscle for the stabilisation role, but it could
also be taken as a sign that a particular muscle needs more
time to perform the demanded activity. On the other hand,
the most frequently mentioned muscle in the “Results”
section is the biceps femoris, the function of which is still
not restored or is somewhat modified at the time of
measurement, which is noticeable in the maximal activation
during takeoff time for the E1 group and in preparation for
landing in the E2 group. The rectus femoris muscle in E1 in
comparison with the healthy group starts activation in the
flight phase significantly earlier, probably for the same
reasons as biceps femoris.

The results of this study represent fine diagnostics and
the current condition of the knee joint, which are not
noticeable to the athlete or coach in any other way.
According to the results of this diagnostic method, the
coach is able to understand the entire neuromuscular pattern
and the role of a particular muscle in simple and controlled
moves, which allows the possibility of a far more precise
control and loading of particular segments in the knee joint.
Our results show the existence of particularly statistically
significant differences between observed surgical techni-

ques that led to the change of the neuromuscular pathway
during simple and controlled knee movements even two
years after ACL reconstruction in athletes who have
returned to active training. These disturbances of muscle
coordination in the knee joint could be tied to function and
location from which the autotransplant is taken and not to
transplant quality itself. Based on the results of this
research, we could not determine which ACL reconstruc-
tion method is more appropriate. It is possible that this is
the result of a small number of study participants and the
strictness of applied statistically significant criteria. It
would therefore be useful to conduct the study on a larger
number of individuals treated with these types of ACL
reconstruction in during the same time interval.

Conclusion

Results indicate neuromuscular changes as long as two
years after ACL reconstruction, when the respective
rehabilitation was completed and athletes resumed a full
training load. This may result in an increased risk of
repeated knee injury, including potential permanent con-
sequences. This study may primarily be useful for athletes
and their coaches, who could then plan, programme and
adequately adjust their training process, thereby improving
knee function in the best possible way, which in turn would
maintain and extend the athletes’ respective sports careers.
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