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Abstract
Purpose Gait analysis is an important index in the clinical treatment of people with anterior cruciate ligament (ACL) injury. 
Following unilateral ACL reconstruction (ACLR), the knee kinetic asymmetries are likely to affect the gait cycle. Therefore, 
the aim of this study was to examine the symmetries of vertical ground reaction force (vGRF) and select the knee muscle 
activity in gait cycles in participants with and without unilateral ACLR.
Methods In this cross-sectional study, vGRF and muscle activity data in difference gait cycles were collected from 56 male 
subjects (28 with unilateral ACLR and 28 healthy subjects) using force plate and electromyography (EMG), respectively. 
MATLAB software was used for data analysis and independent t test was employed to compare the two groups.
Results No significant difference was seen between the two groups in the variable of first peak force symmetry (n.s). 
However, there was a significant difference in the second-peak force symmetry index between the two groups (p ≤ 0.001). 
Regarding muscle activity symmetry in the braking phase of gait, a significant difference was observed in rectus femoris 
between the two groups (p ≤ 0.001), while no difference was seen in medial gastrocnemius and biceps femoris activity (n.s). 
In the propulsive phase of gait, there was a significant difference in medial gastrocnemius and biceps femoris muscles activity 
between the two groups (p ≤ 0.001), while no difference was found in rectus femoris muscle activity (n.s).
Conclusions The results revealed that unilateral ACLR creates asymmetry in vGRF and muscle activities in different phases 
of the gait cycle. So, more attention should be paid to this problem in clinical settings, and also to the use of therapeutic 
interventions to reduce the amount of kinetic asymmetries.
Level of evidence III.
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Introduction

In the absence of pathology, gait is a coordinated, efficient, 
and effortless activity, while any abnormality can affect the 
accuracy, coordination, speed, and adaptation [20]. Since the 
limbs must be in perfect coordination to achieve a smooth 
motion, the issue of gait symmetry is important [25]. On the 
other hand, because in many cases asymmetry is considered 
as a factor for gait abnormality, the results of studies that 

assume gait symmetry to interpret their own results have 
controversial issues [25, 30]. Therefore, providing a com-
prehensive and reliable method to achieve gait symmetry is 
an important concern for physicians and researchers.

In athletes with ACL rupture and ACLR, the biome-
chanical features of the lower limb change in comparison to 
healthy subjects [18, 27, 28]. In this regard, knee instabil-
ity and degenerative changes appear in articular cartilage 
and meniscus [12, 16]. Patients with ACLR reconstruction 
use compensation strategies during lower limb movements 
to reduce the eccentric load and vGRF [1] which might 
be associated with changes in forces, muscle torque, and 
muscle activity in the sagittal plane [11, 24]. As a result, 
when patients try to perform symmetrical movements, they 
use an internal displacement pattern which tries to remove 
pressure from the muscles (for example, quadriceps) and 
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transfer them to other muscles (such as hamstring) [26, 27] 
or attempts to transfer pressure from the injured foot to the 
healthy foot [27].

A possible method that can improve our understanding of 
the mechanism of gait coordination is testing the symmetric 
index [4]. Many studies have shown that the asymmetric 
index appears in many pathological conditions (leg length 
discrepancy [21], stroke [15], cerebral palsy [29], and Par-
kinson’s disease [34]).

Many of the features can be extracted from GRF and 
muscle activity to distinguish between normal and abnor-
mal behavior patterns [22]. As a result, the study of the 
symmetry of GRF and muscle activity in patients with 
ACLR seems important and necessary. However, the sym-
metry index (SI) in GRF and electromyography variables in 
patients with unilateral ACLR reconstruction in gait cycles 
is a less investigated area [9]. Therefore, the aim of this 
study was to examine the symmetry of vGRF (first and sec-
ond peak) and selected knee muscle (Gastrocnemius (GC), 
rectus femoris(RF), and biceps femoris(BF)) activity in male 
subjects with and without unilateral ACL reconstruction gait 
cycles.

It was hypothesized that the subjects with unilateral ACL 
reconstruction would have asymmetry in vertical ground 
reaction force and knee muscle activation in gait cycles, 
compared to the healthy ones.

Materials and methods

In this cross-sectional study, after screening from the statis-
tical population, 56 male subjects (28 subjects with ACLR 
and 28 healthy ones) volunteered to participate in this study. 
This study was approved by the Kharazmi University Insti-
tutional Review Board for ethic number DBSI10190322018.

Inclusion criteria were: (a) diagnosis of complete ACL 
rupture, with no severe or complex meniscus or collateral 
ligament damage or continued knee dysfunction; (b) subse-
quent unilateral ACLR; (c) no history of visual, vestibular, 
or neurological problems; (d) no complaint of knee pain; (e) 
ability to walk independently; (f); having a full knee joint 
range of motion; (g) passing at least 6 months of ACL sur-
gery; (h) no usage of brace [2].

After referrals to the laboratory, the stages of testing 
and how variables are measured were explained for every 
subject, and the subjects completed the consent form for 
participating in the study. Then, each one was asked to wear 
their usual sports clothes to warm up. A force plate (Kis-
tler model, Winterthur) placed in the walkway, was used to 
measure the vGRF data.

The subjects were asked to cross an 8 m path through the 
force plate. Subjects needed to place both feet on the force 
plate and cross it. They were asked to walk normally; if any 

of the legs were not completely on the force plate, the test 
was repeated. The tests were repeated long enough to obtain 
three correct tests. The criteria considered included vGRF 
and time to vGRF.

The vGRF data were stored with a 500 Hz sampling rate 
on the computer by force plate. For filtering the data from 
the plate, the low-pass Butterworth filter was used. The 
residual analysis method was applied to determine the cut-
off frequency [33]; for this study, the cut-off frequency was 
obtained as 10 Hz. The muscle activity was achieved through 
eight-channel electromyography (EMG) device (MIE) with a 
sampling rate of 1000 Hz. The distance between electrodes 
was 20 mm. The EMG raw signals were filtered using a 
band-pass filter of 10–450 Hz. The amount of muscle activ-
ity was analyzed by applying the root mean square method 
[22] using the following formula:

In the initial contact phase and throughout the loading 
response phase, the vGRF increases with the body weight 
transfer from the back leg to the front leg. The maximum 
loading occurs in the first phase of the mid-stance phase 
because at this time the acceptance of body weight, as well 
as the increase in the muscular force occurred during the 
transfer from double support to single limb stance (first 
peak). When the knee extends at the mid-stance, the center 
of mass (COM) moves upward. Reduction in the COM 
acceleration occurs near its highest position, and this is a 
reason for the decline of vGRF less than the weight of the 
body. Then the vGRF is increased until the second peak at 
the end of the stance phase occurs (second peak) [17].

To record the EMG waves, the hair from their skin was 
removed and it was purified by isopropyl alcohol 5%. The 
electrodes were then attached to the GC, BF and RF to the 
right and left muscles using SENIAM method [10].

Each subject performed three walking movements. The 
rest time between the attempts was 1 min. The walking was 
divided into two phases: braking and propulsion, and the 
variables were calculated using MATLAB 2013. The vGRF 
data were normalized using the subjects’ weight and muscles 
activity was normalized by maximum voluntary contraction. 
To obtain SI, the following formula provided by Robinson 
et al., [23] was used:

Statistical analysis

Using G*POWER software and independent t test with 
α = 0.05, the medium effect size (0.68) and β = 0.2 
(power = 0.80), 28 subjects were determined for each group.

RMS{EMG(t)} =

(

1

T
+ ∫

t+T

t

EMG
2(t)dt

)1∕ 2

.

SI = 100 ∗ (XR − XL∕0.5 ∗ (XR + XL)).
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Shapiro–Wilk test was employed to assess the normal dis-
tribution of data. Independent t test was utilized to compare 
healthy and ACL groups. These analyses were performed 
using SPSS software version 22. In this study, the signifi-
cance level was considered 0.05.

Results

There were no significant differences between the groups 
in terms of age (n.s), mass (n.s), height (n.s), or BMI (n.s) 
(Table 1).

The mean and standard deviation of vGRF and muscle 
activity in left and right limb are presented in Table 2.

The results of Table 3 indicated that there was no signifi-
cant difference between the patients with unilateral ACLR 
and healthy subjects in the variable of the first peak force 
symmetry (n.s) with SI in the patients with unilateral ACLR 
(8.0) and in healthy subjects (5.9). However, there was a sig-
nificant difference in the second-peak force between patients 
with unilateral ACLR and healthy subjects (p ≤ 0.001) with 
SI in the patient with unilateral ACLR (16.2) and in healthy 
subjects (4.3) (Table 3).

There was no significant difference between patients with 
unilateral ACLR and healthy subjects in SI of activity of 
medial GC and BF in the braking phase (n.s), and the results 
showed no (n.s). The value of the medial GC muscle activity 
SI in the braking phase in the patients with unilateral ACLR 
and healthy subjects was 9.4 and 8.2, respectively. Also, the 
value of the BF muscle activity SI in the braking phase in 
the patient with unilateral ACLR and healthy subjects was 
9.2 and 7.7, respectively (Table 4).

There was a significant difference in RF muscle activity 
in the braking phase between patients with unilateral ACLR 

Table 1  Mean and standard deviation of participants’ demographics 
and characteristics

n.s not significant

Groups Age (years) Height (cm) Weight (kg) BMI (kg/m2)

ACL 23.7 ± 2.0 179.2 ± 8.2 78.1 ± 7.9 24.4 ± 1.6
Healthy 24.6 ± 2.4 177.8 ± 6.5 75.6 ± 8.5 24.0 ± 1.9
p value n.s n.s n.s n.s

Table 2  Average and standard 
deviation of vGRF and muscle 
activity

vGRF vertical ground reaction force, GC gastrocnemius, RF rectus femoris, BF biceps femoris

Variable groups vGRF Muscle activity, %MVC

First peak Second peak Braking propulsion

GC RF BF GC RF BF

ACL reconstruction limb
 Mean 116.6 95.3 18.1 24.6 16.0 46.3 15.2 40.7
 SD 19.7 16.1 4.9 6.8 3.8 8.5 3.7 9.7

ACL Healthy limb
 Mean 113.0 117.2 16.0 19.5 14.3 35.8 13.3 31.6
 SD 17.8 19.2 5.1 4.9 4.1 5.1 3.2 8.0

Healthy right limb
 Mean 103.6 110.1 13.9 19.8 12.1 32.8 12.1 29.7
 SD 16.5 15.5 4.2 4.8 4.0 5.7 3.1 6.8

Healthy left limb
 Mean 106.3 114.6 14.2 20.6 12.8 33.4 11.1 31.3
 SD 17.3 16.3 4.3 5.3 4.3 5.0 2.3 6.3

Table 3  Comparison of the 
vertical ground reaction 
forces SI during gait between 
unilateral ACLR and healthy

n.s not significant
*Significant difference between groups

Variable Phase Groups M ± SD T p value %95 Cl

Lower Upper

SI of vGRF First peak ACL 5.3 ± 8.0 1.9 (n.s) − 0.7 4.4
Healthy 2.9 ± 5.9

Second peak ACL 3.3 ± 16.2 16.1 0.000* 10.4 13.4
Healthy 2.0 ± 4.3
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and healthy subjects (p ≤ 0.001) with a SI in the patient with 
unilateral ACLR and healthy subjects (14.2 and 6.4, respec-
tively) (Table 4).

There was a significant difference in medial GC and BF 
muscles activity in the propulsive phase between the patients 
with unilateral ACLR and healthy subjects (p ≤ 0.001). The 
medial GC SI in the patients with unilateral ACLR and 
healthy subjects was 12.5 and 4.2, respectively. the BF 
muscle SI in the patients with unilateral ACLR and healthy 
subjects was 15.1 and 5.0, respectively (Table 5).

On the other hand, there was no significant difference in 
RF muscle activity in the propulsive phase between patients 
with unilateral ACLR and healthy subjects (n.s) with SI in 
the patient with unilateral ACLR and healthy subjects (7.1 
and 5.7, respectively) (Table 5).

Discussion

The most important finding of the present study obtained 
from comparing the unilateral ACLR patients with healthy 
subjects was the presence of asymmetry in vGRF (at the 
first peak), activity of GC and BF (at the braking phase), and 
activity of RF (at the propulsive phase of gait.

The results revealed that there was no significant dif-
ference between the participants with unilateral ACLR 
and healthy subjects in the variable of the first peak force 

symmetry. However, there was a significant difference in the 
second-peak force SI between the participants with unilat-
eral ACLR and healthy subjects.

Ellis et al. reported that gait asymmetry can enhance met-
abolic and mechanical expenditure. So, symmetrical walking 
has an impact on the optimal mode for healthy individuals 
[7]. As a result, achieving full walking symmetry is often an 
important target for physiotherapy of people with various 
diseases and functional abnormalities. Comparing GRFs in 
normal and pathologic patients, researchers in 2009 reported 
that there was a significant difference between normal sub-
jects and patients with ACLR in the vGRF during walking 
[32]. Winiarski and Czamara compared the SI of normal and 
ACL-reconstructed individuals and reported that there was 
a significant difference between the two groups in the SI of 
step-length [31]. Several factors can alter the gait pattern in 
patients with ACLR. These factors include the consequences 
of ACL injury and the effects of the time of ACLR which 
exerts additional stress on the knee joint and changes the 
knee joint range of motion [5, 13].

The results of this study suggested that there was some 
asymmetry in the normal individuals in the vGRF and mus-
cles activity, where the amount of asymmetry in the vGRF 
was below 6% while in the muscle activity it was approxi-
mately 4–8%. Zifchock et al. showed that healthy runners 
have different levels of symmetry in kinetic parameters [35]. 
The reason that may promote the movement of the trunk to 

Table 4  Comparison of the 
muscle activity SI during the 
braking phase of gait between 
unilateral ACLR and healthy

GC gastrocnemius, RF rectus femoris, BF biceps femoris, n.s not significant
*Significant difference between groups

Variable Phase Groups M ± SD T p value %95 Cl

Lower Upper

SI of muscle activity GC ACL 5.8 ± 9.4 0.9 (n.s) − 1.3 3.7
Healthy 3.0 ± 8.2

RF ACL 5.5 ± 14.2 6.3 0.000* 5.3 10.2
Healthy 3.5 ± 6.4

BF ACL 4.6 ± 9.2 1.5 (n.s) − 0.6 3.7
Healthy 3.4 ± 7.7

Table 5  Comparison of the 
muscle activity SI during 
the propulsive phase of gait 
between unilateral ACLR and 
healthy

GC gastrocnemius, RF rectus femoris, BF biceps femoris, n.s not significant
*Significant difference between groups

Variable Phase Groups M ± SD T p value %95 Cl

Lower Upper

SI of muscle activity GC ACL 4.6 ± 12.5 8.7 0.000* 6.3 10.1
Healthy 1.9 ± 4.2

RF ACL 3.9 ± 7.1 1.5 (n.s) − 0.4 2.8
Healthy 1.5 ± 5.7

BF ACL 5.4 ± 15.1 8.1 0.000* 7.9 12.6
Healthy 3.8 ± 5.0



2013Knee Surgery, Sports Traumatology, Arthroscopy (2020) 28:2009–2014 

1 3

the non-dominant limb is the presence of disturbance and 
displacement of the COP and predominance of the dominant 
limb [6]. Therefore, kinetic asymmetry causes more stress 
on one limb than on the other. The presence of asymmetry 
in human walking causes one of the lower limbs to reduce 
the function of the other limb.

At the end of the stance phase, vGRF grows until the sec-
ond peak occurs. Increase in the second peak is due to push-
ing the foot in the opposite direction of the ground, thereby 
increasing the activity of plantar flexors and elevating the 
acceleration of COM when the body weight is transferred 
toward the front [17]. Therefore, effective muscle function 
is directly associated with the second peak force. In people 
with unilateral ACLR, the muscles are weaker and atrophic 
in the injured limb [12]. It can be concluded that muscle 
weakness in the injured limb reduces the acceleration of 
COM and second peak force [17]. Reduction of the second 
peak force on the injured limb also increases the asymmetry 
of the second peak in patients with ACLR.

The results of this study in SI of muscle activity at the 
braking phase showed that there was a significant differ-
ence in RF muscle SI between healthy subjects and those 
with unilateral ACLR, but there was no a significant differ-
ence in medial GC and BF. In the propulsive phase, there 
was no significant difference in RF muscle SI between the 
two groups, but the SI was significantly different in medial 
GC and BF. Bulgheroni et al. examined gait patterns 2 years 
after ACLR surgery and reported that there was no signifi-
cant difference in muscle activity in these patients compared 
to healthy subjects. They reported that over time, the normal 
gait pattern would return again [3]. In this regard, Knoll 
et al. reported that the extent of BF muscle activity, in the 
pre-sowing phase after 4 months of surgery, was higher in 
subjects with ACLR than in healthy subjects [13]. Konish 
et al. reported that the volume of muscles was significantly 
lower in the limb with ACLR than in the healthy limb [14]. 
Therefore, it can be concluded that the muscles in the limb 
with ACL reconstruction are weaker and have to be more 
active than the healthy limb to produce a certain submaximal 
force [8]. In the braking phase, the RF muscle acts as eccen-
trically to maintain the body’s weight. Due to the muscle 
weakness and atrophy in the injured limb, the RF muscle 
should be more active to the maintain body’s weight [14], 
which can justify the asymmetry of the RF muscle in these 
patients.

Decreased muscle volume and knee joint laxity in people 
with ACLR cause these patients to transfer pressure from 
the injured knee to the hip joint. This occurs by reducing the 
knee extensor torque and increasing the hip extensor torque, 
using a compensatory strategy within the limb [19]. Dur-
ing the propulsion, BF muscle with its concentric contrac-
tion moves the hip to an extended position; in people with 
unilateral ACLR, due to inter-organizational compensatory 

strategy, BF muscle has to be more active than healthy limb 
[26, 27]. Also, because of atrophy, the BF muscle tolerates 
more pressure, which makes it more active at the propul-
sion for progressive movement [14]. These factors can cause 
asymmetry in BF muscle in subjects with unilateral ACLR 
during propulsion. In the propulsive phase, GC muscle 
moves progressively with its active action. Since in people 
with unilateral ACLR, the volume of this muscle is lower 
than that of the healthy muscle, therefore, this muscle has 
less potential to produce force relative to its healthy coun-
terpart [14]. Therefore, at the propulsion, GC muscle on the 
injured side has to be more active in moving forward, which 
can lead to asymmetry in the GC muscle in people with 
unilateral ACLR.

There were several key limitations in this study. The most 
important limitation was the failure to perform the kinematic 
evaluation of joints’ movements, which could support the 
comprehensiveness of this research. The next limitation 
was not recruiting female subjects in the present study and 
comparing data obtained from both genders. In addition, the 
subjects participated in a walking task, so further research 
emphasizing more complex movements such as running, cut-
ting, and jumping are required.

Orthopedic surgeons, corrective exercise/biomechanics 
specialists as a conditioning coach, health providers and 
researchers should pay careful attention to this problem in 
clinical setting, and for selecting the therapeutic interven-
tions to reduce the amount of asymmetry in vGRF and mus-
cles activity.

Conclusion

The results of this study revealed that unilateral ACLR cre-
ates asymmetry in vGRF in the second peak, the RF muscle 
in the braking phase, and BF and GC muscles in the propul-
sive phase. Therefore, due to the role of the knee muscles 
in movement control of the lower extremity, restoring the 
symmetry in the vGRF and activation of knee muscles are 
necessary for unilateral ACLR.
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