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Chapter 2
The Relationship between Isokinetic Quadriceps 
Strength and Laxity on Gait Analysis Parameters
in ACL Reconstructed Knees
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A B S T R A C T 

Gait alterations after anterior cruciate ligament (ACL) reconstruction have been 
reported in the literature. In the current study, a group of 14 patients who all had an 
ACL-reconstruction (ACLR) with a patellar tendon autograft were examined. Kinetic and 
kinematic data were obtained from the knee during walking. The Flexion-Extension-
Deficit (FED) calculated from the angular difference between maximal flexion and 
maximal extension during the stance phase in the ACLR and the normal knee was 
measured. We investigated whether these alterations in gait are related to quadriceps 
strength and residual laxity of the knee. It may be that patients modify their gait 
patterns to protect the knee from excessive anterior translation of the tibia by reducing 
the amount of extension during stance. On the other hand, persistent quadriceps 
weakness may also cause changes in gait patterns as the quadriceps is functioning as an 
important dynamic stabilizer of the knee during stance. Results showed that patients 
had a significantly higher FED value of 4.9 ± 4.0 when compared to data obtained from 
a healthy control group (CTRL) in a previous stud (FED 1.3 ± 0.9). This is mainly caused 
by an extension deficit during mid stance. External extension moments of the knee were 
significantly lower in the ACLR group -0.27 ± 0.19 TZMAX Nm/kg when compared to a CTRL 
group -0.08 ± 0.06 TZMAX Nm/kg. Correlation coefficient analysis did not show any positive 
relationship between quadriceps strength and gait analysis parameters. Furthermore no 
correlation was found between the amount of laxity of the knee and gait. The relevance 
of this study lies in the fact that apparently the measured gait alterations cannot be 
solely explained by often used biomechanical indicators such as laxity and strength. 
Possibly, the measured gait alterations are a result of the surgical procedure with 
subsequent modified motor programming. 

Key words: ACL, Gait analysis, Isokinetic strength, Neuromuscular, Rehabilitation
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I N T R O D U C T I O N

Anterior cruciate ligament-reconstruction (ACLR) has become a routine surgical 
procedure in the last 15 years. Since the early nineties more aggressive rehabilitation 
programs have been advocated including immediate full knee extension, weight bearing 
as tolerated and early initiation of closed chain exercises emphasizing quadriceps 
strengthening.1 Subsequently coordinative exercises are implemented with the goal 
of return to sports at four-six months after surgery. Several quantitative tests are 
described in the literature such as arthrometric knee laxity testing1-3 and isokinetic 
strength testing4-6 to evaluate the outcome of these surgical procedures. It has been 
demonstrated that laxity tests may not necessarily provide information about the 
functional status of the knee.7  Furthermore, it is commonly accepted that return of a 
strong quadriceps muscle after knee injuries is vital for functional and athletic use of the 
lower extremity8-11 although others did not observe this correlation.12,13 Reports about 
isokinetic peak torque measurements taken approximately six months after ACLR and 
comparing the involved with the non-involved side show quadriceps ratios ranging from 
59.5% to more then 90%.5,6,14-17  Despite the differences reported, the consensus seems 
that quadriceps strength has not returned to normal levels at this time after surgery. This 
is interesting considering that most athletes are able to resume sports approximately six 
months after surgery. 
We know from investigations performed at our gait laboratory18 that a large percentage 
of patients show significant abnormalities during gait even at 26 weeks after ACLR, 
equivalent to the time period when most patients return to sports. In fact, the evidence 
from our study showed that the return of normal gait may even take more than one 
year. The most striking differences were an extension deficit and reduced external 
extension moments in the involved knee in the mid-stance phase of gait. The question 
arises as to the nature of different biomechanical strategies used – consciously or 
unconsciously - by patients after ACLR. It may be that patients modify their gait patterns 
to protect the knee from excessive anterior translation of the tibia by reducing the 
amount of extension during stance. On the other hand persistent quadriceps weakness 
may also cause changes in gait patterns as the quadriceps is functioning as an important 
dynamic stabilizer of the knee during stance.   
The purpose of this study was to determine whether gait alterations were present in 
patients whose ACL-deficient (ACLD) knees were surgically reconstructed with a patellar 
tendon autograft, and in that case, whether that had a relationship with 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.19  
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M AT E R I A L  A N D  M E T H O D S

Subjects
Fourteen subjects (7 men and 7 women) with a mean age of 24 years (range 21-40),
mean height 183 cm (range 162-192) and a mean weight of 74.4 kg (range 56-
101) participated in this study. All had a complete rupture of the ACL that was 
arthroscopically reconstructed using the central third of the patellar tendon. All patients 
participating in the study were collegiate or recreational athletes. After surgery, they 
completed an intensive rehabilitation program as outpatients three times a 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. Running was permitted after 10 weeks and once dynamic 
stability was satisfactory, agility and sports specific exercises were started. Return to 
sports involving pivoting and jumping was allowed after six months. Patients gave their 
consent to participate in this study. 

Experimental Design
Clinical examination
All patients were examined by the same two physical therapists with respectively ten 
and eight 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 
Corp., San Diego, Cal. USA) tests with application of a 89-N force. Side-to-side differences 
(in mm) were reported for comparison.

Isokinetic testing
Muscular performance of both knees was evaluated on an isokinetic testing device (Lido 
Active, Loredon Biomedical Inc., Davis, CA) of both knees at a velocity of 60 deg/sec. 
All patients had two-three training sessions on the isokinetic device in the weeks prior 
to testing to familiarize them with the testing procedure. The subjects did a 15 minute 
warm-up on a stationary bicycle (Kardiomed Bike, Proxomed, Karlstein, Germany) before 
the test procedure. Testing was done with the subjects in a seated position with the 
hip in 90° flexion and the thigh fixated with straps. The ROM for the knee was set at 0° 
to 90° flexion. The noninvolved side was tested first. Prior to testing 10 sub-maximal 
repetitions were performed. The test procedure consisted of 10 maximal concentric 
repetitions for flexion and extension at a speed of 60 deg/sec. The patients received 
standardized verbal commands but visual information from the curves as displaced on 
the monitor was withheld. The peak torque of quadriceps and hamstring strength was 
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compared with the noninvolved side and was expressed as a ratio (involved torque/
noninvolved torque x 100).  

Gait analysis
Gait analysis was performed for level walking at our gait laboratory using a 4-camera 
optoelectric system (Primas, Delft Motion Analysis, Delft, the Netherlands) with a 100 Hz 
frequency for collection of the 2-dimensional data. Reflective markers were placed on 
the subjects at anatomic landmarks according to the description in a previous paper.18 
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) embedded in a 12 meter long walkway 
measured the ground reaction forces of both legs with a sampling rate of 400 Hz. The 
2-dimensional data derived from the four cameras were synchronized with the collection 
of data from the force plates. All subjects were instructed 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 described 
in detail in an earlier publication from our institution.18 For the purpose of this study we 
will summarize the most important kinetic and kinematic parameters. 
To describe the kinematic changes during the stance phase, we calculated the angular 
difference between maximal flexion and maximal extension in the ACLR  and the 
normal knee. We defined this as the “Flexion-Extension-Deficit“ (FED) (Figure 1). The 
differentiation whether a significant FED-value is due to reduced flexion or extension 
motion during stance can be made with the calculation of joint toques. In 90% of the 
cases a higher value is associated with an extension deficit in stance.18 

 

D ACL D NOR 

θ [°] θ [°] 180 180 

140 140 
20           60                              20           60   t [%] t [%] 

FED = D ACL  - D NOR   
   

Figure 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 flexion an extension 
for the reconstructed knee; DNOR difference between maximal knee flexion an extension for the normal knee; 
FED DACL–DNOR
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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 followed by an external extension moment 
in the second half. The difference between the maximal values of the external flexion 
moments comparing the ACLR knee with the normal knee is defined as TZMIN whereas the 
difference between maximal external extension moments is defined as TZMAX (Figure 2). 

Figure 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 

whereas the difference between maximal external extension moments is defined as TZMAX.

In this study we only calculated for TZMAX as this was shown to be a sensitive indicator of 
gait abnormalities.18 All measurements were performed 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. 

R E S U LT S

Gait analysis
The mean value of FED in our patients during stance phase of gait was 4.9° ± 4.0 and was 
significantly different (p < 0.01) when compared to a control group in a previous study. 
(Figure 3). The mean external extension torque, TZMAX was - 0.27 ± 0.19 Nm/kg and is also 
significantly different (p < 0.05) when compared to controls (Figure 4).
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Figure 3. Kinematic flexion extension deficit FED for the current patient group in comparison to the earlier 
recorded data of a comparable patient group (n=35, mean age 27 years) and  a healthy control group (n=30, 
mean age 28 years)28 indicating significant difference (*) of the patients in comparison to the natural right-left-
differences of uninjured people (p < 0.01).
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Figure 4. External extension moments TZMAX for the current patient group in comparison to the earlier recorded 
data of  comparable patient group (n=35, mean age 27 years) and  a healthy control group (n=30, mean age 28 
years)28 indicating significant difference (*) of the patients in comparison to the natural right-left-differences of 
uninjured people (p < 0.05).

Laxity examination and Isokinetic Strength
Laxity measurements with the KT-1000 with a 89N force showed a mean side to side 
difference of 2 ± 0.9 mm. The mean isokinetic quadriceps peak torque ratio at 60 deg/
sec for the involved side was 74.9 ± 17.8 % of the non-involved side. 
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Correlation between Laxity, Isokinetic Strength and Gait Analysis
The linear correlation coefficients between clinical examination, isokinetic strength 
and gait analysis were calculated and are summarized in Table 1. A correlation exists 
between FED and TZMAX (p < 0.05). We did not find a correlation between laxity 
examination, isokinetic quadriceps torque and gait analysis parameters. 

Table 1. Correlation coefficients (r) between the Gait Analysis Parameters FED and TZMAX and Isokinetic 
Quadriceps Peak Torque and Laxity 

TZMAX KT-1000 Isokinetic Quadriceps Peak Torque

FED 0.56 (*) 0.005 0.33

TZMAX X 0.19 0.24

(*: indicates statistically significant relationship p<=0.05)

We present 4 scatter diagrams: one showing the correlation between FED and isokinetic 
quadriceps peak torque (Figure 5), one  showing the correlation between TZMAX and laxity 
(Figure 6), one showing the correlation between FED and laxity (Figure 7) and finally 
between TZMAX and isokinetic quadriceps strength (Figure 8). 

Figure 5. Correlation between the kinematic Flexion-Extension Deficit (FED) and Isokinetic Quadriceps Peak 
Torque in ACL-reconstructed knees.
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Figure 6. Correlation between TZMAX and Laxity in ACL-reconstructed knees. 

Figure 7. Correlation between FED and Laxity in ACL-reconstructed knees.

 

Figure 8. Correlation between TZMAX and Isokinetic Quadriceps Peak Torque in ACL-reconstructed knees.
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D I S C U S S I O N

The results from this study showed that typical kinetic and kinematic deficits are present 
after ACLR. The abnormalities mainly concern ROM, 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 statistical relationship exists between FED and TZMAX. In other 
words, we found that when FED reaches normal values it will implicate that the most 
important kinetic parameter expressed as TZMAX  , will have also returned to normal 
values.18 Neither FED nor TZMAX were related to quadriceps strength or laxity of the knee. 
The concept of gait modification in ACLD knees termed quadriceps avoidance as 
a strategy to reduce anterior displacement of the tibia is perhaps the one most 
popularized.20,21 Others did not demonstrate the phenomenon of quadriceps 
avoidance.18,19,22-24 Cicotti et al.25 reported consistent EMG activity of the vastus lateralis 
muscle during gait in patients with ACLD knees when compared to controls. Our results 
concerning the absence of a significant relationship between laxity and gait analysis 
are in general agreement with Rudolph and co-workers.26 They examined subjects with 
ACLD knees who were classified as copers and non-copers. The copers compensated 
well functionally for ACL injury compared to non-copers 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 aforementioned contradictions in the 
literature may be due to differences in methodology by which kinetic and kinematic data 
are calculated, examination of ACLD or ACLR knees, time after surgery, sample size and 
statistical analysis used. 
Our study showed that six months after ACLR, patients had a mean isokinetic quadriceps 
peak torque ratio of 74.9% which is in proximity of values reported by others.6,14,17 Our 
results showed no statistical relationships between isokinetic quadriceps strength and 
gait analysis parameters. Some researchers have found positive relationships between 
isokinetic quadriceps peak torque and functional performance8,9,11 others found only 
a low or no correlation.12,13,27,28 Several papers examining the effect of strength on gait 
analysis have been published. Snyder-Mackler and co-workers10 studied 110 patients 
after ACLR and showed a relationship between isometric quadriceps strength and 
lower values of extension and flexion motion during the stance phase. In general the 
kinematic differences they reported are in agreement with our study, however in 
contrast to their findings, the differences we measured were unrelated to quadriceps 
strength. Lewek et al.29 examined the relationship between isometric strength of the 
quadriceps on gait mechanics. They classified patients with ACLR knees in two groups of 
strong quadriceps with strength ratios > 90% and those with ratios < 80%. They found a 
significant relationship between strength and knee angles and moments during the early 
phase of stance. Mittlmeier and colleagues30 found that weakness of the quadriceps 
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measured isokinetically 24 weeks after ACLR was related to gait abnormalities. However 
they studied gait by assessing plantar pressure distribution which cannot calculate for 
joint moments as we did in our study. Rudolph et al.26 did not find a correlation between 
isometric quadriceps strength and the amount of knee flexion during weight acceptance 
in subjects with ACL-deficient knees. It has to be noted that isokinetic testing usually 
involves maximal muscle activation whereas kinetic and kinematic parameters obtained 
during gait do not place maximal demands on the knee joint. This could be a possible 
explanation for the lack of relationship between isokinetic quadriceps strength and gait 
analysis parameters. 
Several investigators22,23,31 have described the dynamic stabilizing function of the 
hamstrings in ACLD knees. Less is known about the role of the hamstrings in a 
population with ACLR knees. Cicotti and co-workers25 reported near normal activity of 
the hamstrings during the swing phase of gait in ACLR knees when compared to controls. 
Work at our own institution has shown that the activity of the gastrocnemius muscle is 
significantly reduced during the stance phase.32 
Although improvements in surgical techniques and more aggressive rehabilitation 
programs have been implemented, several authors continue to report persistent deficits 
in quadriceps strength.33-35 Engelhardt and co-workers showed that afferent signals from 
the central nervous system inhibit the activation of the quadriceps muscle after injury 
or surgery of the knee, causing the often observed atrophy of the quadriceps.36 Freiwald 
and colleagues demonstrated that isokinetic torque of the quadriceps was significantly 
reduced 12 weeks after ACLR when compared to pre-operative measurements.33,37 At 
16 months after surgery the maximal isokinetic quadriceps ratio was 81% in comparison 
to the normal knee. Interestingly the patients had a Lysholm score > 95 points and had 
all resumed their pre-operative sports level. Recently, Keays et al. corroborated these 
findings.6 They showed that an isokinetic peak torque ratio of the quadriceps of 88% 
before surgery and decreasing to 72% at six months after surgery despite intensive 
quadriceps training. Interestingly, functional tests improved by in the same time period. 
One may conclude that isokinetic quadriceps peak torque is not as important a predictor 
of function as initially thought. It may be that when a - so far undefined - “peak torque 
deficit” is crossed, subjective and objective limitations may become noticeable. From 
the perspective of the theories in motor learning it appears that reprogramming of the 
central nervous system after ACLR allows for improvement of functional tasks despite 
weakness of the quadriceps.38 The clinical implication may be that primarily focusing on 
return of full quadriceps strength is no longer warranted and rehabilitation should rather 
implement goal-oriented exercises that replicate the functional demands as in sports or 
work.38 
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Several limitations have to be addressed about this paper. First, we had a relative small 
patient population. Second, the data derived can only be applied to patients who 
underwent the same surgical procedures as in our study population. Third, to the best 
of our knowledge,  the external validity of gait analysis has has not been demonstrated 
to more athletic functional demands of  the knee. The kinematic and kinetic data as 
measured in this study thus only applies to gait. Studying 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. They could then be used as indicators of a safe return to sports 
after ACLR-reconstruction. 
Our study clearly indicates that gait analysis parameters in ACLR knees are not related to 
quadriceps strength and laxity. Central reprogramming of the central nervous system38 
may be the reason why gait is significantly altered after surgical reconstruction of the 
ACL39 as these changes cannot be fully explained by quadriceps weakness and laxity of 
the knee. 
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