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Abstract
Background—Quadriceps strength deficits are ubiquitous after anterior cruciate ligament (ACL)
injury. Deficits prior to surgery can influence knee function post-operatively. Inhibition
contributes to quadriceps strength deficits after an ACL injury. Body mass index, meniscal injury,
and sex influence functional outcomes after ACL reconstruction. The purpose of this study is to
examine the relationship of pre-operative quadriceps strength and post-operative knee function
and to investigate how other pre-operative factors may influence this relationship.

Methods—After an ACL injury, subjects received pre-operative rehabilitation and performed
quadriceps strength testing. Subjects underwent reconstruction and post-operative rehabilitation.
Six months after ACL reconstruction, subjects completed the International Knee Documentation
Committee 2000 subjective form (IKDC2000). Linear regression models were developed using
IKDC2000 scores at 6 months after ACL reconstruction as the dependent variable.

Results—Fifty-five subjects had complete pre-operative data and IKDC2000 scores at 6 months
after ACL reconstruction. Pre-operative involved quadriceps strength was a significant predictor
for IKDC2000 scores 6 months after ACL reconstruction. Sex, meniscal injury, pre-operative
BMI, and pre-operative involved quadriceps activation ratio were not significant predictors in the
regression model.

Conclusions—Pre-operative quadriceps strength can predict IKDC2000 scores 6 months after
ACL reconstruction. Deficits in pre-operative quadriceps strength influence self-reported function
6 months after surgery. Factors that are known to influence quadriceps strength and self-reported
outcomes do not influence the relationship between pre-operative quadriceps strength and post-
operative IKDC2000 scores.
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INTRODUCTION
The incidence of injury to the anterior cruciate ligament (ACL) is the highest among internal
knee injuries and is greater in sports that require multidirectional activities.1, 2 The sequela
seen after ACL injury involve quadriceps strength deficits, neuromuscular dysfunction and
biomechanical mal-adaptations and are associated with the development of knee
osteoarthritis.3–5 Early ACL reconstruction is the current recommendation by orthopaedic
surgeons for young, active individuals who plan to perform multidirectional activities as part
of their sport or occupation,6–9 with approximately 125,000 surgeries performed annually in
the United States.1, 10 Athletes are frequently counseled to undergo ACL reconstruction with
the expectation of normal knee function and a successful return to their previous levels of
activity.9, 11, 12 Despite successful restoration of mechanical stability after ACL
reconstruction,13, 14 many individuals may continue to exhibit knee instability, pain,
quadriceps strength deficits, or reduced range of motion that may account for the inability to
achieve satisfactory patient outcomes.3–5, 15–19

Knee function assessed by self-report scores provides a measure of symptoms, function, and
sports activity20 and is associated with patient satisfaction.21 Self-reported knee outcome
scales provide important information regarding patients’ perception of knee function. The
IKDC 2000 subjective knee form (IKDC2000) is a knee-specific self-reported outcome
measure for assessing symptoms, function, and sports activity.20, 22 It is frequently used to
assess knee function in patients after ACL reconstruction and contains items most relevant
to individuals with ACL reconstruction.23 It is able to differentiate between patients with
greater knee symptoms from those with lesser symptoms, and those with lower knee
function from those with higher knee function.24 Since not all individuals regain satisfactory
knee function after ACL reconstruction,25, 26 it is important to examine predictive factors
that could influence good knee function and provide an earlier opportunity to target those
individuals who may need additional interventions or to change interventions to maximize
patient outcomes.

Quadriceps strength deficits are prevalent after ACL injury.15, 17, 27–30 Quadriceps weakness
is present after ACL reconstruction, regardless of graft type.31, 32 Quadriceps strength is
significantly related to patient satisfaction and knee function during gait.33, 34 Quadriceps
strength prior to ACL surgery can influence knee function post-operatively.15, 18, 35, 36

Because of the large impact that quadriceps strength has on knee function, the identification
and treatment of quadriceps weakness prior to and after ACL reconstruction is paramount in
maximizing patient outcomes.

Body mass index (BMI), meniscal injury, sex, and quadriceps activation deficits may affect
the relationship between quadriceps strength and knee function. Body mass index, meniscal
injury, and sex influence functional outcomes after ACL reconstruction.24, 35, 37–40

Quadriceps activation deficits contribute to quadriceps strength deficits after an ACL
injury.27, 41, 42 The purpose of this study is to examine the relationship of preoperative
quadriceps strength and post-operative self-reported knee function and to investigate how
other pre-operative factors may influence this relationship.
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METHODS
Subjects

One hundred two subjects who sustained a unilateral ACL rupture (Mean: 7.2 weeks; range:
1.1 to 39.9 weeks) were recruited for a prospective longitudinal observational clinical study
between June 2005 to April 2010 from a single physical therapy clinic. All subjects were
regular participants in level I or II activities (≥ 50 hours/year) prior to ACL rupture.3, 43

Subjects did not have concomitant ligamentous injury, bilateral lower limb involvement,
symptomatic meniscal injury, fracture, or full-thickness articular cartilage damage. The ACL
rupture was confirmed by magnetic resonance imaging and ≥ 3 mm side-to-side difference3

in anterior tibial translation using a KT-1000 arthrometer (MedMetrics, San Diego, CA).
The study was approved by the University of Delaware Institutional Human Subjects
Review Board and each subject gave informed consent. All subjects completed a battery of
functional tests after pre-operative rehabilitation and completed the IKDC2000 six months
after ACL reconstruction.

Of the 102 athletes recruited for this study, 14 chose to pursue non-operative care for their
ACL injury. Three subjects were lost to follow-up. One subject did not have ACL
reconstruction because the tear was found to be incomplete at the time of arthroscopy. One
subject was transferred to another study. Eighty-three subjects therefore comprised the study
population (Table 1).

Testing and Rehabilitation
Prior to surgery, subjects were enrolled in a pre-operative rehabilitation program.28, 44 Pre-
operative rehabilitation consisted of progressive exercise training program in order to restore
muscle strength and appropriate neuromuscular responses. The exercise program
emphasized aggressive strength training and specialized perturbation training. Muscle
strength training involved the use of high intensity, low repetition non-weight bearing and
weight bearing quadriceps strengthening exercises, augmented with neuromuscular electrical
stimulation if subjects demonstrated a quadriceps strength index of less than 80 %.34, 45

Perturbation training was administered according to the protocol outlined by Fitzgerald et
al.44

The surgeon performed either a semitendinosus-gracilis autograft or soft tissue allograft
ACL reconstruction. After surgery, standardized ACL rehabilitation guidelines were
followed for all patients.46 Subjects were systematically progressed through the
rehabilitation process based on the clinical milestones in the guidelines. Post-operative
rehabilitation guidelines emphasized impairment resolution, aggressive quadriceps
strengthening (augmented with NMES if needed), and neuromuscular training. Patients’
progress was monitored using effusion grading and soreness rules.46–48

Quadriceps strength testing
Quadriceps strength testing was performed after subjects completed their pre-operative
rehabilitation program. Testing consisted of maximal isometric voluntary contraction
(MVIC) of the quadriceps with burst superimposition technique (Figure 1).34 This method
has high reliability with intraclass coefficients (ICC2,1) of 0.97–0.98.27 The hips and knees
are placed in 90 degrees of flexion on an isometric dynamometer (Kin-Com, Chattanooga
Corp., Chattanooga, TN). Self-adhesive electrodes (76mm × 127mm) are placed over the
muscle bellies of the vastus lateralis and vastus medialis to deliver the electrical stimulation.
Patients were encouraged to produce a MVIC by familiarizing them to the testing procedure,
and were provided with standardized verbal encouragement from the therapist, and visual
feedback from the dynamometer’s real-time visual display. The patient performed a short
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MVIC to determine the target force during testing. A bar target on the real-time visual
display was placed 15–20 percent above the MVIC to provide visual feedback
encouragement.

Patients performed a 3–5 second MVIC with a burst superimposition stimulation in which a
10-pulse, 100-Hz 600-microsecond train at 135 volts was delivered to the muscles to
determine patients’ ability to fully activate the quadriceps muscles. If the subject was unable
to achieve 95% muscle activation during the burst superimposition technique, the test was
repeated until the patient achieved 95% muscle activation or the subject became fatigued (up
to 2 more MVICs). Each MVIC was separated by 2 minutes to allow the muscles to rest and
avoid fatigue. Quadriceps force was normalized to body mass index (N/BMI). Involved
quadriceps strength index was calculated as a percentage of the ratio of the involved
quadriceps force compared to the uninvolved quadriceps force. Quadriceps strength index
was calculated for MVIC with and without the burst superimposed stimulation. Volitional
muscle activation level was calculated as a percentage of the quotient of the volitional
muscle force just prior to the onset of the electrical stimulation by the maximal force
produced by the electrical stimulation. Normal muscle activation was operationally defined
as 95%.27, 49, 50

International Knee Committee Documentation 2000 subjective knee form (IKDC2000)
The IKDC2000 is a joint-specific outcome measure for assessing symptoms, function, and
sports activity pertinent to a variety of knee conditions.20, 22 The form contains 18 questions,
in which the total scores are expressed as a percentage. The IKDC2000 contains items
regarding symptoms and disabilities important to patients with an ACL tear.51 The
IKDC2000 is a valid, reliable, and responsive self-reported outcome measure.20, 52, 53

Data management and statistical analysis
Comparisons were made between preoperative and postoperative quadriceps MVIC values
and IKDC2000 scores using paired t-tests. In order to determine if pre-operative involved
quadriceps strength could predict IKDC2000 scores at 6 months after ACL reconstruction,
hierarchical linear regression models were developed using IKDC2000 scores at 6 months
after ACL reconstruction as the dependent variable. In the first step, pre-operative involved
quadriceps MVIC was entered, and the second step included sex, meniscal injury, pre-
operative BMI, and pre-operative involved quadriceps activation ratio. R2 and R2 change
statistics and P values at each step of the model were reported to demonstrate the importance
of the variables at each step. Alternate hierarchical linear regression models were developed
to determine the influence that order of entry into the regression models might have on the
relationship between pre-operative quadriceps strength and IKDC2000 scores after
reconstruction, in which sex, meniscal injury, pre-operative BMI, and pre-operative
involved quadriceps activation ratio were entered first, followed by pre-operative involved
quadriceps MVIC in the second step.

A priori alpha level of 0.05 was set for all analyses. All analyses were conducted in PASW
v.18 (SPSS Inc., Chicago, IL).

RESULTS
Subject characteristics of 83 subjects are shown in Table 1. Of the 83 subjects, 55 subjects
had complete pre-operative data and IKDC2000 scores at 6 months after ACL
reconstruction. No significant differences were found between patients who were included
and who were excluded on any baseline variable. No significant differences were found
between pre-operative and 6 month post-operative values for involved quadriceps MVIC
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(p=0.80), however, IKDC2000 scores after surgery were significantly higher than
IKDC2000 scores before surgery (p<.001) (Figure 2). Hierarchical linear regression models
are displayed in Table 2. Preoperative involved quadriceps strength was a significant
predictor for IKDC2000 scores 6 months after ACL reconstruction (model 1). This
explained 10.7% of the variance in the regression. Sex, meniscal injury, pre-operative BMI,
and pre-operative involved quadriceps activation ratio were not significant predictors in
either regression model. Alternate hierarchical linear regression models are displayed in
Table 3.

DISCUSSION
Our hypothesis was supported as pre-operative involved quadriceps strength predicted
IKDC2000 scores 6 months after ACL reconstruction. Sex, meniscal injury, pre-operative
BMI, and pre-operative quadriceps activation ratio did not influence the relationship
between preoperative involved quadriceps strength and IKDC2000 scores at 6 months after
surgery.

The results of this study demonstrate that pre-operative quadriceps strength predicts
IKDC2000 scores 6 months after ACL reconstruction providing continued evidence that
preoperative quadriceps strength can influence knee function post-operatively. Patients with
profound pre-operative strength deficits have lower knee function after surgery.15, 17, 35

Eitzen et al35 found that pre-operative quadriceps strength significantly predicted the
Cincinnati Knee Scores two years after ACL reconstruction. de Jong and colleagues15

demonstrated that quadriceps strength deficits greater than 20% resulted in lower hop
symmetry indexes 6 and 9 months after surgery, but resolved by 12 months.

Sex, meniscal injury, pre-operative BMI, and pre-operative quadriceps activation ratio did
not influence our prediction models. These variables were chosen as they influence
quadriceps strength or knee function in ACL injury literature. Sex did not influence the
relationship between quadriceps strength and IKDC2000 scores. Although, men have
stronger quadriceps than women, even when normalized to body weight,54 sex has no effect
on the relationship between quadriceps strength and knee function. Meniscal injuries predict
lower knee function after ACL reconstruction.35 In this study, meniscal injuries had no
influence on the quadriceps strength and IKDC2000 score relationship. Subjects who had
meniscal injuries were asymptomatic and exhibited no pain with hopping, which may
explain the lack of influence. Therefore, meniscal injuries likely did not impede the
rehabilitation process prior to surgery. BMI is a significant predictor of knee function after
surgery.39, 40 Kowalchuk and associates40 found that obese patients (BMI greater 30 kg/m2)
had 0.4 times the odds of having success after reconstruction than subjects with normal
BMI. In our study, only seven subjects had pre-operative BMI greater than 30 kg/m2, which
may account for the lack of significance in explaining IKDC2000 scores. Pre-operative
quadriceps activation ratio did not influence the relationship between pre-operative
quadriceps strength and post-operative IKDC2000 scores. This was not surprising, as only a
small percentage (21.8%) of subjects demonstrated preoperative quadriceps activation ratios
< 95% and 9.1% demonstrated activation ratios < 90%. Subjects who had a quadriceps index
less than 80% prior to training received augmented neuromuscular electrical stimulation.
Neuromuscular stimulation, when administered at a high intensity setting, improves
quadriceps strength, quadriceps activation ratio and function in patients post ACL
reconstruction.32, 55–57 The aggressive nature of our training explains the high number of
individuals with little to no activation deficits and excluding activation deficits as an
influential factor.
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The order of entry into the regression models impacted the relationship between
preoperative quadriceps strength and IKDC2000 scores 6 months after ACL reconstruction.
When quadriceps strength was entered first into the model, it explained a small, but
statistically significant, proportion of the variance than when entered last. When the other
variables were entered first into the model, quadriceps strength explained a small and
nonsignificant proportion of the variance. The addition of pre-operative involved quadriceps
strength in the second step was able to explain an additional 5% of the variance beyond what
was explained in the other factors, however, this was not statistically significant. Although,
pre-operative involved quadriceps strength is an independent predictor of IKDC2000 scores
6 months after surgery, it only accounts for a small amount of the explained variance, and
other unknown factors may influence this relationship.

Quadriceps strength in the ACL-deficient knee prior to ACL reconstruction is a primary
contributor to outcomes after reconstructive surgery.15, 17, 35, 58 These results showed that it
explained 10.7% of the variance in IKDC2000 scores at 6 months after ACL reconstruction.
Eitzen et al35 found the pre-operative quadriceps strength explained 15.6% of the variance in
Cincinnati Knee scores two years after reconstruction and those with profound quadriceps
strength deficits before surgery were more likely to have large strength deficits after surgery.
Clearly, quadriceps weakness continues to be a major concern after ACL injury and
reconstruction and can persist for months to years after ACL reconstruction.32, 59 The
subjects in this sample received perturbation training and aggressive quadriceps
strengthening in an attempt to resolve neuromuscular and quadriceps strength deficits prior
to surgery. Pre-operative quadriceps strengthening with weight bearing and non-weight
bearing resistance exercises, augmented with perturbation training, significantly improves
quadriceps strength before and after ACL reconstruction.28, 29 In addition, assessment of
quadriceps strength after a bout of preoperative rehabilitation results in better decision
making regarding ACL reconstruction surgery.60 Maximizing quadriceps strength with
aggressive rehabilitation prior to ACL reconstruction should be a primary goal for clinicians
to optimize knee function after surgery.

Limitations
There are limitations to this study. The results can only be generalized to individuals who
sustain an isolated ACL injury or asymptomatic concomitant injuries and should not be
generalized to individuals with symptomatic or complex concomitant injuries. These
patients were all Level I and II active individuals and the results of this study should not be
generalized to individuals involved in less demanding activities. All subjects were
reconstructed with either semitendinosus-gracilis autograft or soft-tissue allograft. These
prediction models were used to determine IKDC2000 scores 6 months after ACL
reconstruction and can only be generalized to short-term outcomes. Other models will need
to be devised to determine long-term outcomes after ACL reconstruction. We were only able
to include 5 independent variables into our regression models due to the number of subjects
in this study. More subjects would allow for additional models to be computed.

CONCLUSIONS
The results of this research study indicate pre-operative quadriceps strength can predict
IKDC2000 scores 6 months after ACL reconstruction, confirming the importance of good
quadriceps strength prior to ACL reconstruction in predicting better knee function after
surgery. Factors that are known to influence quadriceps strength and self-reported outcomes
do not influence the relationship between pre-operative quadriceps strength and post-
operative IKDC2000 scores.
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Figure 1.
Maximal volitional isometric contraction of the quadriceps with burst superimposition
testing.
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Figure 2.
Involved quadriceps MVIC and IKDC2000 scores before (pre-operative) and after (post-
operative) ACL reconstruction. (* p<.001)
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Table 1

Subject characteristics (n=83)

Male:Female 55:28

Activity level (I:II) 58:25

Meniscal injury? Y:N 30:53

Age (years, SD) 26.8 (11.2)

BMI (mean, SD) 25.7 (4.8)

Injury to post-training(weeks, SD) 12.6 (8.3)

Weeks of training (weeks, SD) 5.2 (3.4)

Number of treatments (mean, SD) 8.9 (2.5)
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Table 2

Pre-operative quadriceps strength as predictor of IKDC2000 scores at 6 months after ACL reconstruction:
Hierarchical linear regression modeling

IKDC2000 scores at 6 months after ACL reconstruction

Model R2 Adjusted R2 R2 Change P value

1 0.11 0.09 0.11 0.02

2 0.18 0.10 0.07 0.07

Standardized β for Pre-operative involved quadriceps strength = 0.33

Model 1: Pre-operative involved quadriceps MVIC
Model 2: Pre-operative involved quadriceps MVIC, Sex, Meniscal injury, Pre-operative BMI, Pre-operative involved quadriceps activation ratio
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Table 3

Pre-operative quadriceps strength as predictor of IKDC2000 scores at 6 months after ACL reconstruction:
Alternate order of entry

IKDC2000 scores at 6 months after ACL reconstruction

Model R2 Adjusted R2 R2 Change P value

1 0.13 0.06 0.13 0.13

2 0.18 0.10 0.05 0.07

Standardized β for Pre-operative involved quadriceps strength = 0.30

Model 1: Pre-operative involved quadriceps MVIC, Sex, Meniscal injury, Pre-operative BMI, Pre-operative involved quadriceps activation ratio
Model 2: Pre-operative involved quadriceps MVIC
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