
Introduction

Anterior cruciate ligament (ACL) reconstruction has be-
come a routine surgical procedure in the past 15 years.
Since the early 1990s more aggressive rehabilitation pro-
grams have been advocated [30] including immediate full

knee extension, weight bearing as tolerated, and early ini-
tiation of closed chain exercises emphasizing quadriceps
strengthening. Subsequently coordinative exercises are im-
plemented with the goal of return to sports 4–6 months af-
ter surgery. Several quantitative tests are described in the
literature such as arthrometric knee laxity testing [3, 9, 30]
and isokinetic strength testing [7, 11, 39] to evaluate the
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outcome of these surgical procedures. It has been demon-
strated that laxity tests may not necessarily provide infor-
mation about the functional status of the knee [33]. Fur-
thermore, it is commonly accepted that return of a strong
quadriceps muscle after knee injuries is vital for func-
tional and athletic use of the lower extremity [4, 16, 23,
32] although others have not confirmed this correlation [1,
10]. Reports about isokinetic peak torque measurements
taken approx. 6 months after ACL reconstruction and com-
paring the involved with the noninvolved side show quadri-
ceps ratios ranging from 59.5% to more than 90% [7, 17,
31, 36, 37, 38]. Despite the differences reported the con-
sensus seems that quadriceps strength does not return to
normal levels by this time after surgery. This is interesting
considering that most athletes are able to resume sports
approximately 6 months after surgery.

We know from investigations performed at our gait lab-
oratory [26] that a large percentage of patients show signif-
icant abnormalities during gait even 26 weeks after ACL
reconstruction, equivalent to the time period when most
patients return to sports. In fact our findings showed that
the return of normal gait may even take more than 1 year.
The most striking differences were an extension deficit
and reduced external extension moments in the involved
knee in the midstance phase of gait. The question arises as
to the nature of different biomechanical strategies used, ei-
ther consciously or unconsciously, by patients after ACL
reconstruction. It may be that patients modify their gait
patterns to protect the knee from excessive anterior trans-
lation of the tibia by reducing the amount of extension dur-
ing stance. On the other hand, persistent quadriceps weak-
ness may also cause changes in gait patterns as the quadri-
ceps functions as an important dynamic stabilizer of the
knee during stance.

The purpose of this study was to determine alterations
in gait among patients whose ACL-deficient knees were
surgically reconstructed with patellar tendon autograft,
and if so, whether these are related to residual laxity and
quadriceps strength. We chose to take the measurements
26 weeks after surgery as we know from a previous study
that kinetic and kinematic characteristics of gait are still
significantly different from controls [26].

Material and methods

Subjects

The study was carried out at the Otto Bock Research Department,
Biomechanics Laboratory, Göttingen, Germany, and included 14
(7 men and 7 women) with a mean age of 24 years (range 21–40),
mean height of 183 cm (range 162–192), and mean weight of 74.4 kg
(range 56–101). All had a complete rupture of the ACL that was
arthroscopically reconstructed using the central one-third of the
patellar tendon. All patients participating in the study were colle-
giate or recreational athletes. After surgery they completed an inten-
sive rehabilitation program as outpatients three times per week at the
same rehabilitation center. The program included immediate weight
bearing, range of motion exercises, pool therapy, stationary bicycle

and closed chain strengthening, and coordination exercises. Run-
ning was permitted after 10 weeks, and once dynamic stability was
satisfactory, agility and sports specific exercises were started. Re-
turn to sports involving pivoting and jumping was allowed after 
6 months. Patients gave their consent to participate in this study
and were free to withdraw from the study at any time. The study
conformed the principles of the Declaration of Helsinki and Ger-
man laws.

Clinical examination

All patients were examined by the same two physical therapists
with, respectively, 10 and 8 years experience in orthopedics. The
examination consisted of passive range of motion measurements 
of both knees for knee extension and flexion with a standard
goniometer and instrumented laxity testing using the KT-1000
arthrometer (MEDmetric, San Diego, Calif., USA) applying a force
of 89 N. Side-to-side differences are reported for comparison.

Isokinetic testing

Muscular performance of both knees was evaluated on an isoki-
netic testing device (Lido Active, Loredon Biomedical, Davis,
Calif., USA) of both knees at a velocity of 60°/s. All patients had
two or three training sessions on the isokinetic device in the weeks
prior to testing to familiarize them with the testing procedure. The
subjects performed a 15-min warm-up on a stationary bicycle (Kar-
diomed Bike, Proxomed, Karlstein, Germany) before the test pro-
cedure. Testing was carried out with the subjects in a seated posi-
tion with the hip in 90° flexion and the thigh fixated with straps.
The range of motion for the knee was set at 0° to 90° flexion. The
noninvolved side was tested first. Prior to testing ten submaximal
repetitions were performed. The test procedure consisted of ten max-
imal concentric repetitions for flexion and extension at a speed of
60°/s. The patients received standardized verbal commands, but vi-
sual information from the curves as displaced on the monitor was
withheld. The peak torque of quadriceps and hamstring strength
was compared with the noninvolved side and was expressed as a
ratio (involved torque/noninvolved torque×100).

Gait analysis

Gait analysis was performed for level walking at our gait labora-
tory using a four-camera optoelectric system (Primas, Delft Motion
Analysis, Delft, The Netherlands) with a 100-Hz frequency for col-
lection of the two-dimensional data. Reflective markers were placed
on the subjects at anatomical landmarks according to the description
in a previous paper [26]. The markers were placed at the greater
trochanter, lateral femoral epicondyle, lateral malleolus, and on the
outside of the shoe representing the location of the head of the fifth
metatarsal. Thus only sagittal plane motions could be calculated.
Two force plates (Kistler Instruments, Winterthur, Switzerland) em-
bedded in a 12-m-long walkway measured the ground reaction
forces of both legs with a sampling rate of 400 Hz. The two-dimen-
sional data derived from the four cameras were synchronized with
the collection of data from the force plates. All subjects were in-
structed to walk steadily during the test procedure. For each subject
a specific starting point was determined from test trials so that the
subject would contact the platform each time with the same limb
without having to consciously focus to touch the plate. All subjects
walked with sport shoes. The data used in this study were obtained
from the mean values of 10–12 consistent cycles of walking over
the walkway. Definitions of the quantitative parameters were de-
scribed in detail in an earlier publication from our institution [26].
For the purpose of this study we summarize the most important ki-
netic and kinematic parameters.
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To describe the kinematic changes during the stance phase, we
calculated the angular difference between maximal flexion and max-
imal extension in the ACL-reconstructed and the normal knee. We
defined this as the flexion-extension feficit (FED; Fig. 1). The de-
termination of whether a significant FED value is due to reduced
flexion or extension motion during stance can be made with the cal-
culation of joint torques. In 90% of cases a higher value is associ-
ated with an extension deficit in stance [26]. The external, sagittal
moment acting on the knee joint was calculated from kinematic
data and ground reaction forces. During normal human gait there is
an external flexion moment in the first 50% of stance which is fol-
lowed by an external extension moment in the second half. The
difference between the maximal values of the external flexion mo-
ments comparing the ACL-reconstructed knee with the normal knee
is defined as TZMIN whereas the difference between maximal exter-
nal extension moments is defined as TZMAX (Fig. 2). In this study
we calculated only TZMAX as this has been shown to be a sensitive
indicator of gait abnormalities [26]. All measurements were per-
formed 26 weeks after surgery on all subjects.

Statistical analysis

Linear correlation coefficients were calculated with SPSS 10.0 for
Windows to determine the relationship between isokinetic strength,
laxity measurements, and gait analysis.

Results

Gait analysis

The mean value of FED in our patients during stance phase
of gait was 4.9±4.0° and was significantly different from
that of a control group in a previous study (P<0.01; Fig. 3).
The mean external extension torque, TZMAX, was –0.27±
0.19 Nm/kg, also significantly different from controls (P<
0.05; Fig. 4).

Laxity examination and isokinetic strength

Laxity measurements with the KT-1000 with a 89-N force
showed a mean side to side difference of 20.9 mm. The
mean isokinetic quadriceps peak torque ratio at 60°/s 
for the involved side was 74.9±17.8% of the noninvolved
side.
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Fig. 1 Sagittal knee angles (θ) during the stance phase (t expressed
as percentage of stance phase) for the reconstructed knee (left) and
normal knee (right). DACL Difference between maximal knee flex-
ion an extension for the reconstructed knee; DNOR difference between
maximal knee flexion an extension for the normal knee; FED
DACL–DNOR

Fig. 2 The sagittal knee moments during stance phase (t expressed
as percentage of stance phase) normalized to body weight (MZ).
The external flexion (MZMIN) and extension (MZMAX) moments are
shown for the ACL-reconstructed knee (left) and normal knee
(right). The difference between the maximal values of the external
flexion moments comparing the ACL-reconstructed knee with the
normal knee is defined as TZMIN and the difference between maxi-
mal external extension moments TZMAX

Fig. 3 Kinematic flexion extension deficit FED for the current pa-
tient group in comparison to the earlier recorded data of a compa-
rable patient group (n=35, mean age 27 years) and a healthy control
group (n=30, mean age 28 years) [27]. *P<0.01 vs. controls

Fig. 4 External extension moments TZMAX for the current patient
group in comparison to the earlier recorded data of comparable pa-
tient group (n=35, mean age 27 years) and a healthy control group
(n=30, mean age 28 years) [27]. *P<0.01 vs. controls



Correlation between laxity, isokinetic strength, 
and gait analysis

The linear correlation coefficients between clinical exam-
ination, isokinetic strength, and gait analysis are summa-
rized in Table 1. There was a correlation between FED and
TZMAX (P<0.05) but not between laxity examination, iso-
kinetic quadriceps torque, and gait analysis parameters. We
present four scatter diagrams showing the correlation be-
tween FED and isokinetic quadriceps peak torque (Fig. 5),
that between TZMAX and laxity (Fig. 6), that between FED
and laxity (Fig. 7), and that between TZMAX and isokinetic
quadriceps strength (Fig. 8).

Discussion

The results of this study show that typical kinetic and
kinematic deficits are present after ACL reconstruction.
The abnormalities concern mainly range of motion, the
extension motion of the knee, and the external extension
moments acting on the knee joint during the stance phase
of gait. In this context a there was statistically significant
relationship between FED and TZMAX. In other words, we
found that when FED reaches normal values, the most im-
portant kinetic parameter, expressed as TZMAX, also returns
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Table 1 Correlation coefficients (r) between the gait analysis pa-
rameters FED and TZMAX and isokinetic quadriceps strength and
laxity

TZMAX KT-1000 Isokinetic 
quadriceps strength

FED 0.56* 0.005 0.33
TZMAX – 0.19 0.24

*P≤0.05

Fig. 5 Correlation between the kinematic flexion-extension deficit
(FED) and isokinetic quadriceps peak torque in ACL-reconstructed
knees

Fig. 6 Correlation between TZMAX and laxity in ACL-reconstructed
knees

Fig. 7 Correlation between FED and laxity in ACL-reconstructed
knees

Fig. 8 Correlation between TZMAX and isokinetic quadriceps peak
torque in ACL-reconstructed knees



to normal values [26]. Neither FED nor TZMAX were re-
lated to quadriceps strength or laxity of the knee.

The concept of gait modification in ACL-deficient
knees, termed quadriceps avoidance, as a strategy to re-
duce anterior displacement of the tibia is perhaps the most
popularized [2, 6]. Others have not confirmed the phe-
nomenon of quadriceps avoidance [5, 24, 26, 27, 34]. Ci-
cotti et al. [8] reported consistent electromyographic ac-
tivity of the vastus lateralis muscle during gait in patients
with ACL-reconstructed knees compared to controls. Our
results concerning the absence of a significant relation-
ship between laxity and gait analysis are in general agree-
ment with those of Rudolph and coworkers [25]. They ex-
amined subjects with ACL-deficient knees who were clas-
sified as copers and noncopers. Copers compensated well
functionally for ACL injury compared to noncopers, who
were not able to stabilize their knees and were scheduled
for surgery. They found that the amount of laxity in their
subjects was unrelated to gait patterns. The above con-
flicts in the literature may be due to differences in the
method by which kinetic and kinematic data are calcu-
lated, examination of ACL-deficient or ACL-reconstructed
knees, length of time after surgery, sample size, and sta-
tistical analysis used.

Our study showed that 6 months after ACL reconstruc-
tion patients had a mean isokinetic quadriceps peak torque
ratio of 74.9%, which is near the values reported by others
[17, 31, 36]. Our data show no statistical relationship be-
tween isokinetic quadriceps strength and gait analysis pa-
rameters. Some researchers have found positive relation-
ships between isokinetic quadriceps peak torque and func-
tional performance [4, 16, 23] while others have found
only a low or no correlation [1, 10, 18, 29]. Several studies
examining the effect of strength on gait analysis have been
published. Snyder-Mackler and coworkers [32] studied
110 patients after ACL reconstruction and reported a rela-
tionship between isometric quadriceps strength and lower
values of extension and flexion motion during the stance
phase. In general the kinematic differences that they re-
ported are in agreement with our findings; however, in con-
trast to their findings, the differences that we measured
were unrelated to quadriceps strength. Lewek et al. [19] ex-
amined the relationship between isometric strength of the
quadriceps on gait mechanics. They classified patients with
ACL-reconstructed knees in two groups of strong quadri-
ceps with strength ratios higher than 90% and those with
ratios lower than 80%. They found a significant relation-
ship between strength and knee angles and moments dur-
ing the early phase of stance. Mittlmeier and colleagues
[21] found that weakness of the quadriceps measured iso-
kinetically 24 weeks after ACL reconstruction was related
to gait abnormalities. However, they studied gait by assess-
ing plantar pressure distribution which cannot calculate
for joint moments as we did in our study. Rudolph et al.
[25] did not find a correlation between isometric quadriceps
strength and the amount of knee flexion during weight ac-

ceptance in subjects with ACL-deficient knees. It must be
noted that kinetic testing usually involves maximal mus-
cle activation whereas kinetic and kinematic parameters
obtained during gait do not place maximal demands on the
knee joint. This is a possible explanation for the lack of
relationship between isokinetic quadriceps strength and gait
analysis parameters.

Several investigators [5, 20, 24] have described the dy-
namic stabilizing function of the hamstrings in ACL-defi-
cient knees. Less is known about the role of the hamstrings
in a population with ACL-reconstructed knees. Cicotti et
al. [8] reported near normal activity of the hamstrings dur-
ing the swing phase of gait in ACL-reconstructed knees
compared to controls. Work at our own institution [28]
has shown that the activity of the gastrocnemius muscle is
significantly reduced during the stance phase.

Although improvements in surgical techniques and more
aggressive rehabilitation programs have been implemented,
several authors continue to report persistent deficits in
quadriceps strength [13, 22, 35]. Engelhardt and cowork-
ers [11] showed that afferent signals from the central ner-
vous system inhibit the activation of the quadriceps muscle
after injury or surgery of the knee, causing the often ob-
served atrophy of the quadriceps. Freiwald et al. [13, 14]
demonstrated that isokinetic torque of the quadriceps is
significantly lower 12 weeks after ACL reconstruction than
preoperatively. The maximal isokinetic quadriceps ratio
was 81% of that of the normal knee 16 months after sur-
gery. Interestingly, the patients had a Lysholm score higher
than 95 points and had all resumed their preoperative
sports level. Recently Keays et al. [17] corroborated these
findings. They showed that an isokinetic peak torque ratio
of the quadriceps of 88% before surgery and decreasing to
72% 6 months after surgery despite intensive quadriceps
training. Interestingly, functional tests improved by in the
same time period. One may conclude that isokinetic quadri-
ceps peak torque is not as important a predictor of func-
tion as initially thought. It may be that when a, so far un-
defined, “peak torque deficit” is crossed, subjective and ob-
jective limitations become noticeable. From the perspec-
tive of the theories in motor learning it appears that repro-
gramming of the central nervous system after ACL recon-
struction allows improvement in functional tasks despite
weakness of the quadriceps [15]. The clinical implication
may be that focusing primarily on return of full quadri-
ceps strength is no longer warranted, and that rehabili-
tation should rather implement goal-oriented exercises
that replicate the functional demands as in sports or work
[15].

Several limitations must be addressed in this study.
First, we had a relatively small patient population. Second,
the findings can be applied only to patients who undergo
the same surgical procedures as those in our study popula-
tion. Third, to our knowledge, the external validity of gait
analysis has not been demonstrated to more athletic func-
tional demands of the knee. The kinematic and kinetic data
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as measured in this study thus applies only to gait. Study-
ing more strenuous activities such as running, jumping, and
cutting movements may provide more relevant information
about the differences in kinetic and kinematic parameters
necessary for sports-related function of the knee. These
could then be used as indicators of a safe return to sports
after ACL reconstruction.

Our study clearly indicates that gait analysis parame-
ters in ACL-reconstructed knees are not related to quadri-
ceps strength and laxity. Central reprogramming of the
central nervous system may be the reason [15] why gait is
significantly altered after surgical reconstruction of the
ACL [12] as these changes cannot be fully explained by
quadriceps weakness and laxity of the knee.
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