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Purpose: The aim of this study was to explore the strength capacities of the injured and non-injured leg following a unilateral ante-
rior cruciate ligament reconstruction. Methods: Eight elite soccer players (age = 25.5 ± 3.9 years; height = 1.83 ± 0.04 m; body mass =
78.9 ± 4.5 kg) volunteered to participate in this study. Nine months after the anterior cruciate ligament reconstruction and just before
initiating the full training process, the maximal peak torque of the quadriceps and hamstring muscles were measured at 60 and 180 de-
grees/second using isokinetic dynamometry. Obtained peak torques were used for calculating hamstring-to-quadriceps ratio, limb sym-
metry index, and to estimate maximal torque capacity using a two-velocity method (i.e., linear torque-velocity relationship modeled
considering peak torque obtained at 60 and 180 degrees/second). Results: No differences were found between hamstring-to-
-quadriceps ratios of the injured and non-injured leg ( p = 0.165), nor between limb symmetry index of the quadriceps and hamstring
muscles ( p = 0.985), regardless of the angular velocity applied during tests. The two-point method revealed significant differences be-
tween quadriceps and hamstring muscle groups both in the injured and non-injured leg ( p < 0.001; maximal estimated torque was higher
for quadriceps compared to hamstring muscles), while the differences between same muscle groups of the different legs were not signifi-
cant. Conclusions: Collectively, these findings indicate that 9 months were enough for reaching a certain strength level of the injured leg
that permits a safe return to play.
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1. Introduction

A number of studies have indicated a high inci-
dence of the anterior cruciate ligament (ACL) injury
in various sports [9], [29], [39], with the soccer being
the one with the highest ACL incidence. This painful
injury has an important economic consequence in pro-
fessional soccer and it is accompanied with an enor-
mous pressure for a quick return to play [2]. However,
the rate of early return to play is not as high as it could
be expected due to the prolonged rehabilitation period

that follows usually necessary surgical treatment [11],
[39]. Although the return to play rate within a year
following ACL reconstruction is very high, only two-
third of players are competing at the same level 3 years
later [36]. Consequently, the return to play after ACL
reconstruction has become a major focus in the related
research literature [2], [10], [26]. The primary goal of
ACL reconstruction post-operative process is quadri-
ceps and hamstring strength increment [3]. The quad-
riceps is normally considered to play an important role
in jumping and ball kicking, while the hamstrings con-
trol running activities and stabilize the knees during
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turns or tackles [14]. Moreover, it seems that the knee
flexors’ contribution to joint stability becomes increas-
ingly important as the limb velocity increases [17]. The
rehabilitation progress is traditionally followed-up by
implementing isokinetic testing protocols and its out-
comes are considered an important factor when de-
ciding about returning to play [23], [31]. However,
there is still no explicit recommendation regarding
when is the best time to return to participate, espe-
cially if the sport activity that someone is returning to
is full of pivoting activities such in soccer [30].

The level of maximal strength capacities of the
hamstring and quadriceps muscles is one of the crucial
factors that should be considered prior returning to play
[2]. Specifically, several studies have reported that the
ratio between hamstring and quadriceps strength levels
(i.e., H/Q ratio) of the injured leg should reach similar
values as in non-injured leg [23], [38]. The H/Q ratio
have been used for decades for monitoring knee joint
stability, and it has been also considered as an impor-
tant tool for evaluating lower extremity injury risk and
rehabilitation process [34]. Although it is difficult to
generalize, the normal H/Q ratio is usually considered
to be between 0.3 and 1.0 depending of the angular
velocity used for its assessment, being the higher ratio
frequently obtained at higher angular velocities [24],
[28]. Another important index frequently considered
for making decision about returning to play is the limb
symmetry index (i.e., LSI) which received consistent
attention from the strength and conditioning commu-
nity over the last decades [5]. The LSI refers to the
difference in the performance and mechanical outputs
between two legs, while low LSI can affect jumping
performance, ability to quickly change direction, pro-
voke injuries [5]. Therefore, besides calculating H/Q
ratios physicians and coaches usually also consider
the differences in mechanical outputs of both injured
and non-injured leg (i.e., LSI) when deciding of an
appropriate time for their athletes to retake full train-
ing process [1], [13], [38].

Retaking full training participation imply performing
sport specific movements with the maximal intended
force/torque. Although the H/Q ratio and LSI present
basic tools for deciding about returning to play, they
do not reveal the maximal level of force/torque ca-
pacity. The maximal torque capacity is usually ex-
plored by performing isometric tests or using low
angular velocities (e.g., 30 and 60°/s) [21]. However,
according to Zemach et al. [40] and Raj et al. [33], the
employment of the isokinetic tests under low angular
velocities can provoke pain in the patients who are
still recovering from ACL injury. A potential solution
can be the utilization of the two-velocity method that

opens a possibility to estimate maximal torque capac-
ity by modeling linear torque-velocity relationship
considering torques obtained under 60 and 180º/s. The
two-velocity method has been previously validated in
the study of Grbic et al. [15], who reported its high
validity during the isokinetic knee extension test, and
in the study of Janicijevic et al. [21], who demonstrated
its high validity during the isokinetic knee extension
and flexion tests. Although, the two-velocity method
have shown to be sensitive enough to discriminate
between antagonistic muscle groups acting on the
knee joint [22], to our knowledge, no previous study
used two-velocity method to explore the differences in
the maximal torque capacity between injured and non-
injured leg.

Therefore, taking the importance of H/Q ratio and
LSI for deciding about returning to play, and potential
benefits of the two-velocity method (i.e., maximal
torque capacity estimation) into consideration, we de-
signed a study aiming to explore strength characteris-
tics of the injured and non-injured leg just before
starting a full training process. Specifically, we hy-
pothesized that (1) the H/Q ratio of the injured leg may
not differ from the H/Q ratio obtained in non-injured
leg, (2) LSI may not differ between quadriceps and
hamstring muscles, and (3) the maximal torque capac-
ity will not differ between injured and non-injured leg.

2. Materials and methods

Participants

Eight elite soccer players (age = 25.5 ± 3.9 years;
height = 1.83 ± 0.04 m; body mass = 78.9 ± 4.5 kg)
with more than 10 years of competition experience
volonteered to participate in this study. All partici-
pants were competing in the highest league in differ-
ent European countries and all of them suffered ACL
injury 9 month prior the initiation of the study (inclu-
sion criteria). The potential participants were excluded
from the study if they presented any other musculo-
skeletal injury or suffered from any chronic disease
that can negatively affect the results of present study
or their health integrity. They were informed about
isokinetic testing procedure and possible risks associ-
ated with isokinetic assessment. The study protocol
was approved by the Faculty of sport and physical
education University of Belgrade Review Board (Ap-
proval number: 484-2) and an informed consent in
accordance with the principles of the Declaration of
Helsinki was signed by all participants.
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Study design

The present study was designed to explore the
strength characteristics of the elite soccer players who
were suffering ACL injury. During a single session the
PT of the quadriceps and hamstring muscles of both
injured and non-injured leg were recorded at 60°/s
and 180°/s. A total of 20 cycles (2 legs × 2 velocities
× 5 consecutive cycles; 1 cycle = hamstring concen-
tric contraction + quadriceps concentric contraction)
were performed during a testing session that was or-
ganized prior to full training process initiation and
9 months from ALC reconstruction occurrence. The
order of testing different legs (injured and non-injured)
and velocities (60 and 180°/s) was randomized. All
sessions were performed between 9 and 11 am under
similar environmental conditions for all participants
(~22 °C and ~60% humidity).

Testing procedures

All measurements were performed using a HUMAC-
-NORM isokinetic dynamometer (Computer Sports
Medicine Inc., Stoughton, USA) 9 month after ACL
reconstruction. Following an ACL reconstruction, all
soccer players completed same 4 stage rehabilitation
procedure. The main goal of the first stage that started
right after surgery and lasted 6 weeks was to reduce
swelling and increment local circulation through pas-
sive movements performed with a help of a physical
therapist, followed by isometric contractions and range
of motion increment. During the second stage, partici-
pants started walking independently, cycling on the
stationary bicycle and started performing closed chain-
controlled exercises without additional resistance. The
second stage lasted approximately until the 14th week.
The third stage started with implementing closed
chain-controlled exercises firstly with reduced range
of motion, while participants started to run and jump
when their injured leg reached 70% of the maximal
isometric force of their non-injured leg [8]. The
third stage finished with performing isokinetic exer-
cises through full range of motion in the 20th week. The
fourth stage lasted until the end of the 8th month
and consisted from introducing and performing spe-
cific soccer exercises firstly executing them with
greater volume and lower intensity, and finally closing
a fourth stage of postoperative process with soccer
specific situations of great intensity which were per-
formed using a ball and along with other soccer player
(i.e., situation training).

At the end of the 8th month, participants’ muscle
qualities were assessed using isokinetic dynamometry.
Prior to the testing initiation, each subject underwent

a 5-minute warm-up on a stationary bicycle, followed
by passive stretching exercises (15 seconds per mus-
cle group) focused on the quadriceps, hamstrings, hip
adductors, and calf muscles. After that, the partici-
pants were seated in the chair of the isokinetic dyna-
mometer and were fixed to the apparatus using straps
around pelvis, across chest and around thigh and
malleoli. The axis of rotation of the dynamometer
head was aligned with the lateral femoral epicondyle
(see Fig. 1 for detailed experimental setup). Before
each data collection set, a specific warm-up set con-
sisting of 3 submaximal knee flexions/extensions sepa-
rately for each leg at 60 and 180°/s was performed.
Following a specific warm-up and a 2-minute pause,
the experimental trials we recorded. Specifically, par-
ticipants were instructed to extend their lower leg from
90° in the knee joint (starting position), until reaching
full extension (180° in the knee joint) and completing
5 cycles (5 flexions and 5 extensions). The recovery time
between different sets was 2 minutes. The same experi-
enced investigator supervised all the trials and was in
charged for providing verbal encouragement. The pro-
fessional activity of the tested soccer players was fol-
lowed during a 2.5-year period in order to make sure that
the decision for returning to play was correct and to as-
sure that no re-injury occurred. The follow-up of the
soccer players following a long rehabilitation process is
important in order to refine our knowledge regarding the
best criteria for allowing a safe return to play.

Fig. 1. Experimental setup

Data analysis and analysis

The HUMAC2009 V.10 software (Computer
Sports Medicine Inc., Stoughton, USA) was used for
data collection and data extraction. The maximal PT
(Nm) was used for calculating the H/Q ratios (for
injured and non-injured leg) and limb symetry index
(%) (for hamstring and quadriceps muscle groups)
using following equations:
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PTQuadriceps
PTHamstringsratioHQ  , (1)

100%
PTinjuredNon

PTInjuredLSI 


 . (2)

Both the maximal PT [Nm] and the angular veloc-
ity [rad/s] were used for modelling torque-velocity
relationships using two-point method (i.e., considering
two pairs of PT and angular velocities) and following
linear regression model:

 aTT  0)( , (3)

where T0 represents the torque-intercept (i.e., esti-
mated theoretical PT), a is the slope that corresponds
to T0/ω0, while ω is the angular velocity.

Statistical analysis

Descriptive data are presented through median and
interquartile range values, while normality of the data
was explored using Kolmogorov–Smirnov test. Since
the data deviated from normal distribution, and rela-
tively low number of soccer players participated in
this study, we used non-parametric statistic. Specifi-

cally, four Friedman two-way analysis of the variance
by ranks were used (1) exploring between-leg differ-
ences in peak torques obtained under different ex-
perimental conditions, (2) for exploring possible dif-
ferences between H/Q ratios obtained in injured and
non-injured leg at 60°/s and 180°/s, (3) for exploring

possible differences between LSI obtained between
legs for quadriceps and hamstring muscles at 60°/s
and 180°/s, and (4) for exploring possible differences
between maximal torque capacities obtained modeling
two-velocity method. P-values were adjusted using
the Bonferroni corrections for multiple comparisons.
Statistical analyses were performed using the software
package SPSS (IBM SPSS version 22.0, Chicago, IL,
USA). Statistical significance was set at an alpha level
of 0.05.

3. Results

A Kolmogorov–Smirnov test indicated that the PT
recorded in our study do not follow a normal distri-
bution ( p < 0.05). The descriptive data of the PT

Table 1. Descriptive data of peak torque obtained under different velocities, legs and muscles

Testing condition Injured Non-injured P-value Adjusted
P-value

Quadriceps 253.0 ± 218.3 255.0 ± 242.8 0.683 1.000
60°/s Hamstrings 132.0 ± 125.0 135.5 ± 122.5 0.919 1.000

Quadriceps 171.5 ± 155.3 176.5 ± 171.0 0.838 1.000
180°/s Hamstrings 106.5 ± 100.5 108.0 ± 94.0 0.919 1.000

Fig. 2. The individual H/Q ratios of the injured and non-injured
leg recorded under 60°/s and 180°/s, accompanied with median value

(i.e., ▬) and error bars (i.e., interquartile range).

PTQuadriceps
PTHamstringsratioHQ 

Fig. 3. The individual limb symmetry indexes of the quadriceps
and hamstrings muscles recorded under 60°/s and 180°/s,
accompanied with median value (i.e., ▬) and error bars

(i.e., interquartile range). 100%
PTinjuredNon

PTInjuredLSI 



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obtained under different experimental conditions are
depicted in Table 1. Regardless of the angular velocity
used for recording PT, no differences were found
between H/Q ratios of the injured and non-injured leg
( χ2 = 5.1, p = 0.165; Fig. 2), nor between LSI (%)
of the quadriceps and hamstring muscles ( χ2 = 0.2,
p = 0.985; Fig. 3). These results indicate that just be-
fore initiation of the full training process the H/Q ratio
of the injured leg was similar to the H/Q index of the
non-injured leg, while the LSI were similar for the
quadriceps and hamstring muscles under 60°/s as well
as under 180°/s.

Data are presented as median ± first interquartile
range. No significant differences were obtained be-
tween injured and non-injured leg when same testing
conditions were compared. P ≤ 0.05.

Significant differences were detected between maxi-
mal torque capacity ( p < 0.001) obtained for the quad-
riceps and hamstring muscles of the injured and non-
injured leg. Pairwise comparisons showed that the val-
ues of maximal torque capacity were higher for quadri-
ceps muscle of the non-injured leg in comparison with

the hamstring muscles of the injured leg ( p = 0.022),
and for quadriceps muscles of the injured leg in com-
parison with hamstring muscles of the both injured
( p = 0.001) and non-injured leg ( p = 0.006), while in
the rest of the comparisons no differences were found.
The individual F-V relationships are depicted in the
Fig. 4.

4. Discussion

This study was designed to explore strength ca-
pacities of the injured and non-injured leg just before
starting a full training process. The main findings of the
study were that (1) H/Q ratio did not differ between
injured and non-injured leg, (2) LSI obtained for the
quadriceps and hamstring muscles did not differed
neither under 60 °/s nor under 180 °/s, and (3) maximal
estimated PT were higher for the quadriceps muscles
compared to hamstring muscles, while no differences
were found between same muscle group when injured

Fig. 4. Individual torque–velocity relationships modelled using two-point method and linear regression model.
The empty circles represent non-injured leg, while full circles injured one.

Full and dashed lines represent quadriceps and hamstring muscles, respectively
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and non-injured leg were compared. These findings
indicate that the strength capacities of the injured leg
reached values similar to those of the non-injured leg
9 months after the ACL reconstruction.

Confirming our first hypothesis, the H/Q ratio did
not differ between injured and non-injured leg, which
is considered as a good quantitative sign for allowing
the return to playing. The H/Q ratios obtained in our
study are in line with the optimal range of H/Q ratios
proposed by other authors [24], [25]. However, the
median H/Q ratio obtained under 60 °/s (i.e., 0.54) is
somewhat lower than reported in the studies of Kadija
et al. [24] and Hole at al. [20] (i.e., 0.67), which can
be explained by distinct relative time point for sched-
uling a testing sessions (i.e., 9 months after ACL re-
construction in our study compared to 4 months poste-
rior to the ACL reconstruction in the study of Kadija
et al. [24] and prior ACL reconstruction in the study
of Hole at al. [20]). In accordance with other studies,
we observed that the increment in the angular velocity
in our study was accompanied with the increment of
the H/Q ratio [24], [20], [35]. Regarding the LSI, it
never differed between compared conditions (i.e.,
hamstring LSI [60 °/s] vs. hamstring LSI [180 °/s] vs.
quadriceps LSI [60 °/s] vs. quadriceps LSI [180 °/s]),
although in few cases, it went beyond usually recom-
mended range of asymmetries (i.e., < 20 %) [4]. Even
though in minority, these augmented differences (i.e.,
up to 25%) were detected for the hamstring muscles at
180 °/s, which is in line with the previous studies [16],
[19]. Generally, slower recuperation of the hamstring,
compared to quadriceps muscles, especially pro-
nounced during higher shortening velocities, can be
the possible reason of obtaining these augmented dif-
ferences [12], [18], [32]. And, although some studies
indicated that LSI can overestimate knee function
[31], [37], the isokinetic dynamometry is still a rec-
ommended as a sensitive for exploring strength differ-
ences between injured and non-injured leg [31].

Arthrogenic muscle inhibition, loss of mechanore-
ceptors, pain and swelling are some of the reasons of
significant drop in the thigh muscle strength after
ACL injury [6]. Rehabilitation process includes pro-
gressive strength training, which is usually prescribed
with respect to the maximal strength capacities [6].
Apart from this, reporting maximal isometric and peak
torques have been recommended as a useful and nec-
essary tool for comprehensive post-operative muscle
assessment [27]. Since it is not recommendable to
actually measure maximal strength capacities until full
range of motion and certain level of muscle mass are
gained, in our study, we used two-velocity method for
estimating maximal PT. No significant differences

were obtained in the maximal PT between injured and
non-injured leg, which indicates that 9 months were
enough for the injured leg to reach the maximal PT
level of the non-injured one. This finding is especially
important because a relative PT deficit of the injured
leg is frequently higher than 30–40% at the early
stages of the rehabilitation [24], [28]. Although, to our
knowledge, no study used two-velocity method to
estimate PT in the participants recovering from ACL
injury, Janicijevic et al. [22] demonstrated that the
two-velocity method was sensitive enough to discrimi-
nate between maximal strength capacities of the an-
tagonistic muscle groups in healthy active and seden-
tary males. Specifically, they found that higher force
values were obtained for the quadriceps in comparison
to the hamstring muscles, which is in line with the
findings of our study. Therefore, this study confirms
the sensitivity of the two-velocity method to discrimi-
nate between PT values obtained in antagonistic mus-
cle groups, but at the same time opens a possibility to
explore both H/Q ratio and LSI in fatigue-free and
quick manner.

A few limitations should be acknowledged and
considered for future studies. First, the low number of
the participants was a consequence of the rigorous
criteria for someone to be included in this study (elite
athletes with a minimum of 10 years of soccer experi-
ence and ACL reconstruction). Secondly, we could not
systematically follow-up the strength progress of all
soccer players during postoperative process due to the
different places of residence and centers in which our
participants underwent rehabilitation procedure. Thirdly,
we failed to include a control group (i.e., elite soccer
players without ACL injury) due to the dense sched-
ules of the professional soccer players and their lack
of interest to participate as a part of the control group.
And finally, it would be interesting to compare the
results of the isokinetic test with the results of the
more functional tests (i.e., jumps, lunges, etc.).

5. Conclusions

An isokinetic dynamometry has been widely used
as an objective parameter for taking decision about
returning to play following an ACL reconstruction [7].
Our study revealed that 9 months after ACL recon-
struction, differences between injured and non-injured
obtained during isokinetic tests (i.e., at 60 and 180°/s)
were minimal. Specifically, no differences were found
in the magnitudes of the H/Q ratios between legs, nor
between LSI for the quadriceps and hamstring mus-
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cles. The two-velocity method was sensitive enough
to reveal differences in the maximal estimated PT
between quadriceps and hamstring muscles, while no
differences were found between same muscle group of
the injured and non-injured leg. Collectively, these
findings indicate that the 9 months were enough for
reaching certain level of recovery that permits return
to playing. The information obtained in this study can
be considered valuable, given that none of the soccer
players had recurrent ACL injuries for an average of
2.5 years from the start of the full training and com-
petition process.
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