
Introduction

Changes in the gait patterns of subjects with anterior cru-
ciate ligament (ACL) injury have been assessed in a num-
ber of studies, all using different techniques; however,
few studies have evaluated the changes in gait parameters
following ACL reconstruction. Timoney et al. [32] exam-
ined the gait patterns of 10 normal and 10-ACL recon-
structed (bone-patellar tendon-bone technique) subjects
considering only kinetic data. Comparing these results to
those of Andriacchi [1, 2, 8], it appears that ACL-recon-
structed subjects show a behaviour closer to normal val-
ues than do untreated subjects.

Ciccotti et al. [12, 13] analysed the electromyographic
(EMG) patterns during gait in three groups: (a) normal
subjects, (b) ACL-deficient subjects undergoing rehabili-
tation and (c) ACL-reconstructed subjects (bone-patel-
lar tendon-bone technique). ACL-reconstructed subjects
showed EMG patterns very close to normal values,
whereas subjects undergoing rehabilitation demonstrated
abnormal EMG activity.

This study used a comprehensive approach (including
kinematic, kinetic and EMG data analysis) for the mea-
surement of changes in the dynamic equilibrium during
gait following ACL injury and their modification follow-
ing ACL reconstruction.

Abstract The aim of this study is to
analyse the changes in select gait pa-
rameters following anterior cruciate
ligament (ACL) reconstruction. The
study was performed on 15 subjects
who underwent ACL reconstruction
by the bone-patellar tendon-bone
technique. Gait analysis was per-
formed using the Elite three-dimen-
sional (3D) optoelectronic system
(BTS), a Kistler force platform and
the Telemg telemetric electromyo-
graph (BTS). Kinematic data were
recorded for the principal lower limb
joints (hip, knee and ankle). The ex-
amined muscles include vastus later-
alis, rectus femoris, biceps femoris
and semitendinosus. The results ob-
tained from the operated subjects
were compared with those of 10 un-
treated subjects and 5 subjects with-
out ACL damage. In the operated
subjects the knee joint angular values

regained a normal flexion pattern for
the injured limb during the stance
phase. The analysis of joint moments
shows: (a) sagittal plane: recovery of
the knee flexion moment at loading
response and during preswing; (b)
frontal plane: recovery of the normal
patterns for both hip and knee adduc-
tion-abduction moments during the
entire stance phase. The examination
of ground reaction forces reveals the
recovery of frontal component fea-
tures. The EMG traces show the nor-
mal biphasic pattern for the operated
subjects as compared to the untreated
subjects. The results suggest that the
gait parameters shift towards normal
value patterns.
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Patients and methods

The study was carried out with a group of 10 male subjects with
ACL injury (age 27 ± 6 SD years), a different group of 15 male
ACL-reconstructed subjects (bone-patellar tendon-bone technique)
(age 25 ± 3 years) and 5 normal male subjects with no history of
musculoskeletal pathology (age 28 ± 3 years).

The data collected for the normal group concorded with previ-
ously published results [12, 18, 19, 28]. The ACL-deficient group
was examined on average 20.4 months after injury (range 8–48
months); all the subjects complained of knee instability and
showed positive anterior drawer, Lachman and pivot shift tests
with no associated ligament injury upon clinical examination. The
mean KT-2000 arthrometer differences in excursion between knees
were 3.7 ± 2.1 mm at 20 lb and 6.7 ± 3.24 mm at manual maxi-
mum. The ACL injury was always confirmed during subsequent
surgical intervention.

The ACL-reconstructed subjects were examined 17 ± 5 months
after the surgical intervention. All of them had resumed their nor-
mal activity, and there was no clinical evidence of instability. The
mean KT-2000 arthrometer differences in excursion between knees
were 1.77 ± 1.00 mm at 20 lb and 2.27 ± 1.29 mm at manual maxi-
mum. Each subject was asked to perform at least 5 trials of walk-
ing at his natural cadence (112 ± 5.1 steps/min). A 20-m distance
was used to allow the subject to reach a steady state of walking.

The analysis of gait features was performed using an ELITE
system (BTS, Milan, Italy) composed of the following: (a) four TV
cameras for the recording of the kinematic data; (b) a force plate
(Kistler, Winterthur, Switzerland) for the acquisition of ground re-
action forces; and (c) a telemetric EMG system (BTS, Milan, Italy)
equipped with surface electrodes for the recording of neuromuscu-
lar activity. Both ground reaction forces and EMG signals were ac-

quired at a sampling rate of 500 Hz, whereas the four TV cameras
worked at a sampling rate of 100 Hz.

Further elaboration of all the variables was carried out by com-
puter.

Reflective passive markers (n = 22) were positioned over spe-
cific anatomical points of both lower limbs, pelvis and trunk (Fig.
1). The data obtained from the camera recording of these markers
allowed the reconstruction of internal points (centre of rotation of
hip, knee and ankle joints) and segmentally embedded coordinate
systems according to the model described by Davis [14]. For all
trials, the joint angles were computed according to the protocol de-
fined by Davis [14]. For the external moments, consideration was
given to both the reaction force trend and the inertial parameters of
each body segment. The data were normalized (both time and am-
plitude) prior to the calculation of the averaged values.

EMG activity of vastus lateralis, rectus femoris, biceps femoris
(lateral hamstrings) and semitendinosus (medial hamstrings) mus-
cles was recorded bilaterally. Prior to acquisition, the electrode po-
sitions were tested to control for crosstalk between different mus-
cle groups. The raw data were highpass filtered to eliminate fre-
quency components below 10 Hz, then rectified and filtered to
eliminate the components of the signal over 200 Hz. Before calcu-
lating the average values, all EMG measurements were subject to
normalization procedures. A single gait cycle (complete stride)
was identified, and all the corresponding data sets were then re-
duced to 100 points.

Individual subject data relating to (a) the amplitude of force
were normalized to subject weight, (b) the amplitude of joint mo-
ment were normalized to the subject’s weight and height, and (c)
the EMG were normalized to the maximum recorded signal ampli-
tude during a single walking cycle [28].

Three different groups were defined: (a) ACL-deficient sub-
jects, (b) ACL-reconstructed subjects and (c) control subjects. The
average trend for all variables was computed for each group.

Student-Neuman-Keuls tests were adopted to determine levels
of significance when comparing the groups. The tests were applied
to all variables and for each stride bin.

Results

With respect to joint angles (Figs. 2–4), the injured sub-
jects showed changes as a consequence of the ACL injury
mainly at the hip and knee joints. During all phases of the
gait cycle, both of these joints demonstrated reduced ex-
cursions. However, the functional pattern of the flexion-
extension angle was maintained. In contrast, hip, knee and
ankle angular values of the ACL reconstructed group
showed behaviour similar to the normal control subjects.

Analysis of the external joint moments (Figs. 5–7) also
indicated that the hip and knee joints were most affected
by the injury. At heel strike the knee joint revealed a
greater extension moment in the ACL-deficient subjects
(Fig. 5; P < 0.05). During the loading response phase, a
reduction of the knee flexion moment was compensated
for by an increased flexion moment at the hip joint (P <
0.05). The joint also tended to show a reduced flexion mo-
ment during the preswing phase, but our data did not
achieve statistical significance.

Both the knee and the hip indicated a decreased adduc-
tion moment during the entire stance phase (Fig. 6; P <
0.05). However, the internal and external rotation mo-
ments did not appear to be affected by the injury.
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Fig. 1 Positioning of the markers, as viewed from the front and
from the back (BTS, Milan, Italy). Analysis of the frame-by-frame
data recorded from these markers during the gait cycle allows the
determination of (a) the centre of rotation for each joint examined
and (b) orientation of the coordinate systems identifying the body
segments



The ankle joint showed significant changes only in the
sagittal plane: upon loading the extension moment was re-
duced, and during the preswing phase, the flexion moment
was increased (P < 0.05) with respect to the normal con-

trol group. The kinetic data of the ACL-reconstructed group
showed behaviour similar to that of the normal controls.

A reduced extension moment was observed at the knee
upon heel strike, increased flexion moment upon loading as
well as a recovery of the flexion moment during preswing.

In addition, the hip and knee adduction moment in the
coronal plane were found to have regained near normal
values.

In the ACL-deficient subjects the analysis of ground
reaction forces (Fig. 8) demonstrated a significant reduc-
tion of the peak values of the vertical component, an al-
tered horizontal component at the loading response and an
increased anterior force at preswing (P < 0.05). The ground
reaction force patterns of the ACL-reconstructed group
were completely normal.

With reference to the analysis of EMG activity (Fig. 9),
both vastus lateralis and rectus femoris showed a reduc-
tion of activity upon heel strike for the ACL-deficient
group. During the stance phase these two muscles demon-
strated a greater level of overall activity in the ACL-defi-
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Fig.2 Mean values of the flexion (Flex)-extension (Ext) angles of
the hip (a), knee (b) and ankle (c) joints (——— normal subjects,
··········· ACL-deficient subjects, ––––– ACL-reconstructed sub-
jects). The amplitude of the angle is indicated in relation to the
phases of the gait cycle, beginning with heel strike (HS). Positive
values identify flexion (TO toe off)

Fig.3 Mean values of the adduction (Add)-abduction (Abd)angles
of the hip (a) and knee (b) joints (——— normal subjects, ···········
ACL-deficient subjects, ––––– ACL-reconstructed subjects). The
amplitude of the angle is indicated in relation to the phases of the
gait cycle, beginning with heel strike. Positive values identify ad-
duction



cient group than that observed in the control subjects. In
addition, the injured subjects did not show any activity
burst during the preswing phase. The hamstrings in in-
jured subjects indicated stronger activity during the stance
phase and at terminal swing (this last feature was most ob-

vious for the lateral hamstring). The quadriceps activity of
ACL-reconstructed subjects increased upon loading and
decreased during the following phase of stance. The ham-
string activity is reduced during the stance phase and ap-
proached closer to normal values.
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Fig. 4 Mean values of the internal (Int)-external (Ext) rotation an-
gles of the hip (a), knee (b) and ankle (c) joints (——— normal
subjects, ··········· ACL-deficient subjects, ––––– ACL-recon-
structed subjects). The amplitude of the angle is indicated in rela-
tion to the phases of the gait cycle, beginning with heel strike. Pos-
itive values identify internal rotation

Fig.5 Mean value of the external flexion (Flex)-extension (Ext)
moments of the hip (a), knee (b) and ankle (c) joints (——— nor-
mal subjects, ··········· ACL-deficient subjects, ––––– ACL-recon-
structed subjects). The amplitude of the moment is indicated in re-
lation to the phases of the gait cycle beginning with heel strike.
Values are normalized to subject’s weight and height. Positive val-
ues identify flexion
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Fig.6 Mean value of the external adduction (Add)-abduction
(Abd) moments of the hip (a), knee (b) and ankle (c) joints (——–
normal subjects, ··········· ACL-deficient subjects, ––––– ACL-re-
constructed subjects). The amplitude of the moment is indicated in
relation to the phases of the gait cycle beginning with heel strike.
Values are normalized to subject’s weight and height. Positive val-
ues identify adduction

Fig.7 Mean value of the external internal (Int) external (Ext) ro-
tation moments of the hip (a), knee (b) and ankle (c) joints (——–
normal subjects, ··········· ACL-deficient subjects, ––––– ACL-re-
constructed subjects). The amplitude of the moment is indicated in
relation to the phases of the gait cycle beginning with heel strike.
Values are normalized to subject’s weight and height. Positive val-
ues identify internal rotation



Discussion

The results of this study indicate that relevant gait pa-
rameters tend to approach normal values following 
ACL reconstruction. The most significant changes con-

cern the hip and knee external moments in the sagittal
plane.

The ACL-deficient subjects showed an increased knee
extension moment at heel strike and a reduced flexion
moment upon loading and during the preswing phase.
This behaviour was compensated for by an increase in the
external hip flexion moment.

Berchuck et al. [8] illustrated a reduction of knee ex-
ternal flexion moment upon loading which derived from
the necessity of a reduction of the net internal extension
moment caused by the quadriceps activity which affects
the anterior displacement of the tibia. This behaviour is
more important upon loading than at toe-off since the an-
terior displacement of the tibia due to the quadriceps con-
traction is more significant when the knee is close to max-
imum extension, which takes place immediately follow-
ing heel strike.

In our study the synchronised analysis of kinetic and
EMG variables verified how the external moment is bal-
anced by the internal one. It is obvious that the net inter-
nal moment is a result of the combined action of various
muscle groups and ligaments.

As for the role of the muscles, the additional informa-
tion obtained by the EMG signals allowed for quantifica-
tion of the relative intervention of flexors and extensors at
each time point. Analysing these data, we see that the
global decrease in the internal extension moment is not
due to a reduction of extensor activity (quadriceps), but
rather to a more complex neuromuscular mechanism which
brings about an increase in both extensor and flexor activ-
ity (most prominent in the hamstrings) in order to assure
joint stability.

In the sagittal plane the ACL-reconstructed subjects
show a pattern closer to that of the normal subjects. The
external knee flexion moment upon loading is increased
(as already stated by Timoney et al. [32]), and the knee
flexion moment at toe-off is completely recovered. Upon
loading, the increase in the net internal extension moment
was due to the predominant quadriceps activity and the re-
duced hamstring co-contraction. At preswing, the normal
peak activity of the quadriceps returns, confirming the net
internal extension moment.

In the coronal plane, throughout the stance phase the
external adductor moment of both the hip and knee was
reduced in the ACL-deficient subjects.

Absence of the ACL implies that the centre of knee
joint rotation is displaced medially and backwards, and this
results in an increased external rotation instability. The
new behaviour of the knee joint could be the consequence
of a need for increased stability of the external compart-
ment. In any case, further studies investigating this partic-
ular finding are required in order to clarify its significance.

Another element which supports the hypothesis that
such a strategy exists is the change observed in the posi-
tion of the mediolateral component of the ground reaction
force. This component is clearly more lateral during the
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Fig. 8 Mean values of the ground reaction forces (——— normal
subjects, ··········· ACL-deficient subjects, ––––– ACL-recon-
structed subjects). The amplitude of the force is indicated in rela-
tion to the phases of the gait cycle beginning with heel strike. Val-
ues are normalized to subject’s weight
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entire stance phase. This behaviour is no longer required
after ACL reconstruction, which could explain the return
to normal values of adductory moment and ground reac-
tion forces medio lateral component patterns. Also, the
vertical component of the ground reaction forces in this
group approaches normal values, suggesting that this pro-
tective scheme of walking used by the pathological group
is being overcome.

The EMG patterns are altered due to joint instability.
For example, and as reported by Limbird et al. [21], the
vastus lateralis and the rectus femoris showed lower ac-
tivity during the loading response. Ciccotti et al. [13] de-
scribed an increased activity of vastus lateralis used as a
strategy to prevent pivoting of the knee, but their patients
had undergone intensive physical therapy prior to assess-
ment.

Other changes in EMG patterns observed in the injured
group included the following: (a) greater quadriceps and
hamstrings activity during the entire stance phase; this

probably reflects an attempt to increase knee joint stabil-
ity; (b) the quadriceps muscle does not show an activity
peak at terminal swing as it does in the control group; this
reduction would explain the reduction of the knee flexion
moment during this phase; and (c) greater hamstring ac-
tivity at terminal swing. This finding supports the results
from previous studies [13] and can be attributed to a com-
pensatory strategy which acts to increase the knee stabil-
ity at heel strike so that internal rotation (pivoting) at the
knee joint is prevented or minimised.

In accordance with the findings of Ciccotti et al. [13],
the EMG patterns of ACL-reconstructed subjects appear
to approach the values observed in normal subjects. The
quadriceps activity is increased during the loading re-
sponse, but is reduced during the subsequent stance phase
and shows a peak at preswing, as observed in normal sub-
jects. Also, co-contraction of the hamstrings during the
stance phase is greatly reduced in this group with respect
to the injured subjects.

Fig.9 Electromyography (EMG) activity of knee joint extensor
and flexor muscles (——— normal subjects, ··········· ACL-defi-
cient subjects, ––––– ACL-reconstructed subjects). The ampli-
tude of the EMG activity is indicated in relation to the phases of
the gait cycle beginning with heel strike. Values are normalized to
the mean activity value over the entire stride
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