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Abstract
Background—Isokinetic muscle strength tests using the peak torque value is the most frequently
included quadriceps muscle strength measurement for anterior cruciate ligament (ACL) injured
subjects.

Aims—The purpose of this study was to investigate quadriceps muscle performance during the
whole isokinetic curve in ACL deficient subjects classified as potential copers or non-copers, and
investigate whether these curve profiles were associated with single-leg hop performance. We
hypothesized that quadriceps muscle torque at other knee flexion angles than peak torque would
give more information about quadriceps muscle strength deficits. Furthermore, we hypothesized
that there would be significant torque differences between potential copers and non-copers, and a
significant relationship between angle specific torque values and single-leg hop performance.

Study Design—Cross-sectional study; Level of evidence, 2

Methods—Seventy-six individuals with a complete unilateral ACL rupture within the last 3
months were included. The subjects were classified into potential copers and non-copers according
to the criteria from Fitzgerald et al12. Isokinetic quadriceps muscle tests were performed at 60°/sec
(Biodex 6000). Mean torque values were calculated for peak torque as well as for specific knee
flexion angles. The one-leg hop and the 6 meter timed hop tests were included and symmetry
indices were used.

Results—The peak torque value did not identify the largest quadriceps muscle strength deficit.
Rather, these were established at knee flexion angles of less than 40°. There were significant
differences in angle specific torque values between potential copers and non-copers (p<0.05).
Moderate to strong associations were disclosed between angle specific torque values and single-
leg hop performance, but only for non-copers (r≥0.32– 0.58).

Conclusions—Angle specific quadriceps muscle torque values of less than 40° of knee flexion
provide more information on the quadriceps strength deficits after ACL injury compared to the
commonly used peak torque values.
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INTRODUCTION
Quadriceps weakness is one of the main dysfunctions following anterior cruciate ligament
(ACL) injury5, 31, 36, 55. However, the characteristics of quadriceps insufficiency have not
been well described18, 53, for the group as a whole or specified for ACL deficient subjects
classified as potential copers and non-copers12. Isokinetic dynamometry is the predominate
method for quadriceps muscle strength evaluation both in healthy individuals and after ACL
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injury1, 8, 22, 27, 31, 41, 58. The majority of studies of quadriceps muscle strength after ACL
injury have used peak torque as main outcome measure22, 41, 49. Quadriceps peak torque
represents the value of the one point during knee extension from 90-0° where the individual
is able to produce the highest force53. Peak torque may give limited information about the
muscle performance during the full selected range of motion (ROM)16, 54. Another
established isokonetic quadriceps muscle strength parameter is work per unit, which reflects
the ability of the muscle to produce force throughout the ROM11, 16, 21, 39. However,
assessments of work also does not identify where during the ROM eventual muscle
performance insufficiencies are most prominent.

Isokinetic quadriceps curves from ACL injured knees may have inherent irregularities that
could be clinically relevant. Tsepis et al53 applied a frequency domain analysis to evaluate
the isokinetic performance of ACL deficient subjects. They found significant frequency
content asymmetry in that there was less steadiness in the curve of the injured knees
compared to the uninjured. This decreased smoothness of the time-torque curve pattern was
suggested to be indicative for the level of force control53. The application of frequency
analysis in isokinetic dynamometry is, however, still unexplored, and the implications for
clinical purposes are unclear41. Irregularities in isokinetic curves have in a limited number
of studies also been evaluated with qualitative approaches, indicating that it may be possible
to detect deviations in the curve by visual inspection2, 3. However, the associated time-
torque values are not taken into consideration with only qualitative descriptions, and solely
subjective inspection of an isokinetic curve should not guide clinical decisions.

Quadriceps muscle performance is important for knee joint protection throughout the whole
movement cycle53. Thus, it may be reasonable to describe and evaluate quadriceps torque
production in detail throughout the ROM2. Conventional isokinetic evaluation of peak
torque and work may be inadequate for this purpose, and existing approaches for curve
descriptions lack the required information on torque values. Given the evident differences in
ability to functionally stabilize and control the knee between ACL deficient individuals
classified as potential copers and non-copers, it would be of particular interest to explore
whether these dissimilarities also are reflected in their isokinetic quadriceps strength
profiles. To our knowledge, no study has performed an extensive angle specific analysis of
isokinetic quadriceps curve characteristics and eventual associations between such curve
profiles to knee function in ACL deficient subjetcs. In this study, we propose exploration of
angle specific quadriceps torque values throughout the knee extension ROM as an
alternative method for generating a complete isokinetic quadriceps strength profile.

The aim of this study was: 1) To provide a detailed description of the isokinetic quadriceps
strength profile for ACL deficient individuals; in general and following the classification as
potential copers or non-copers. 2) To investigate if these quadriceps strength profiles are
associated to performance during single-leg hop tests in a way that may enhance our clinical
interpretation of isokinetic quadriceps curve characteristics after ACL injury. We
hypothesized that: 1) Quadriceps muscle torque at other knee flexion angles than peak
torque would give more information about quadriceps muscle strength deficits, 2) There
would be angle specific torque differences between potential copers and non-copers, and 3)
The relationship between angle specific torque and single-leg hop performance would differ
between potential copers and non-copers.

MATERIAL AND METHODS
Subjects

Seventy-six individuals with a recent ACL injury treated at our rehabilitation clinic (Hjelp24
NIMI Ullevaal) from January 2007 to December 2008 were included in the study. Patients
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were considered for enrolment if they were diagnosed with a unilateral complete rupture of
the ACL within the last three months. Complete tear of the ligament was confirmed by
magnetic resonance imaging (MRI) and an anterior side-to-side displacement of the tibia
relative to the femur of at least 3 mm measured by an instrumented knee arthrometer56

(KT1000, Med-Metric, San Diego, California, USA). Subjects had to be between the age of
13–55 years, with an activity level prior to the incident injury at level I or II according to the
criteria described by Hefti et al14; equivalent to regular participation in pivoting sports.
Subjects were included if they had asymptomatic meniscus injury. This was defined if MRI
indicated meniscus injury but subjects had no ROM deficit, no swelling and were able to
hop without pain and subsequent effusion of the knee joint. Exclusion criteria were
concomitant ligamentous injury, bilateral involvement, symptomatic meniscal or cartilage
injury and/or fracture. All subjects were examined and judged eligible for inclusion by the
same single physical therapist.

All subjects signed a written informed consent. The rights of the subjects are protected by
the principles outlined in the Declaration of Helsinki, and the study was ethically approved
by The National Committees for Research Ethics in Norway.

Pre-inclusion rehabilitation
All subjects underwent rehabilitation to resolve impairments before inclusion. When the
clinical milestones full passive ROM, no swelling, able to walk without a limp, full active
knee extension and the ability to hop on one leg without pain were met, testing was
scheduled. All subjects were clinically assessed by the same physical therapist (xx) to
confirm that the prerequisites for testing were met.

DATA COLLECTION
All tests were supervised by one of three physical therapists (IE, HM, IS) performing all
tests in the project. The test battery included an isokinetic quadriceps muscle strength test
and two single-leg hop tests. All subjects performed a standardized ten minute warm up on a
cycle ergometer. To minimize risk of giving way episodes during single-leg hop testing, a
peak torque quadriceps strength index of >70% for the uninjured limb was acquired. After
five minutes rest, single-leg hop test were performed.

Isokinetic strength
Isokinetic quadriceps strength measurements were performed with a Biodex 6000
dynamometer (Biodex Medical Systems Inc., Shirley, New York). ROM was set from 90°
flexion to full extension (0°), which is the customary ROM used for isokinetic quadriceps
strength assessment42. The angular velocity of 60° per second (60°/sec) was used. Isokinetic
testing at 60°/sec is frequently referred to as a relevant and valid measurement for
quadriceps muscle performance in ACL deficient individuals9, 15, 23, 39, 40, and has also
revealed typical curve shapes in healthy individuals3. Low velocities will further ensure that
an adequate range of the selected ROM is covered at the set velocity9, 26. The reliability for
isokinetic muscle testing of knee extension is previously reported to be adequate19, and
intraclass correlation coefficients (ICCs) for isokinetic testing of knee extensor muscle
performance at 60° have been shown to be above 90, both for healthy subjects and for
subjects with ACL deficiency19, 44, 51.

Subjects were explained the principles of isokinetic strength testing prior to the test. The
regulations of the depth and height of the test chair, the side-to-side placement of the
dynamometer and the length of the attachment a rm were individually adjusted. Correct
alignment of the anatomical axis of the knee joint and the rotation axis of the lever arm was
assured in order to verify the validity of the joint angles52, and effects of gravity were
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corrected. All tests were performed first on the uninjured side. Before the test subjects
performed a standardized trial session of four repetitions with submaximal effort to
familiarize themselves to the equipment. After the trial session there was a standardized one
minute pause before the test, which consisted of five repetitions. The exact same procedure
was thereafter performed on the injured side. No verbal cues were given to the subjects from
the test leader during testing other than counting from one to five.

Single-leg hop tests
Different forms of single leg hop tests have been widely used and are shown to have high
validity and reliability as performance measurement outcomes for ACL deficient
individuals10, 12, 43, 50. In this study, the one-leg hop (OLH) test and the 6-meter timed hop
(6MTH) test were included32. The OLH and 6MTH tests represent different aspects of knee
function. The OLH test is established as the most commonly used hop test for ACL deficient
subjects10, 34, 45, 54 and entails the ability to control the knee when landing after a maximum
performance, thus, an assessment of functional stability33. The 6MTH test reflects the ability
to maintain velocity during repeated hops and is the only hop test incorporated in the
classification algorithm for potential copers and non-copers12. Both tests have shown to be
reliable for ACL deficient subjects, with ICCs for limb symmetry index (LSI) values from
0.82 to 0.9243. A metric measurement band was taped to the floor for the measurement of
hop distance of the OLH test, and a stop watch was used to manually time the 6MTH test. In
the OLH test, subjects had to manage a well-balanced landing on one foot. Subjects
performed one practice trial and two test trials for each of the different hops. Testing for
each hop test began on the uninjured side, followed by the injured side. No brace was used
during the hop tests.

ANALYSES
Raw data from the isokinetic strength tests of the uninjured and injured leg was exported
from the Biodex software in ASCII format and parsed into Microsoft Office Excel 2007
(Microsoft Corporation, Redmond, Washington) through a proprietary algorithm. Each trial
consisted of five full movement cycles. The first and the last full cycle was removed in order
to avoid possible warm-up or fatigue effects3, 53. In order to focus on the extension part of
each relevant cycle, cutoff for each subcycle was done at the first occurrence of directional
shift in force. Torque values for selected angles were calculated as the average of these three
repetitions, whereas peak torque was the single point during one of these three cycles were
the highest force was produced. A numerical integration in the time dimension was
performed over the vector set in order to calculate the total extension work done within our
cutoff limits. Work in cycle refers to the average work performed in one extension cycle.

Torque production at the outer positions of the isokinetic curve must be interpreted with
caution because there may be inertial effects close to the acceleration (start) and deceleration
(end) of the movement26, 41. In order to reduce such errors torque values between 90−80°
and 15−0° flexion were be eliminated from the analyses. Thus, torque values were included
in the final analyses for 80°, 70°, 60°, 50°, 40°, 30°, 20° and 15° flexion to represent
strength development throughout the ROM. Torque values were normalized from the
formula torque (nm)/bodyweight (kg).

Mean torque values at all specific angles, peak torque and work in cycle were tested for
normal distribution and mean differences between the injured and uninjured side computed
with a paired Student’s t-test. Relative differences in torque between the injured and
uninjured leg were computed from the formula 100-(injured/uninjured)*100, and mean
differences between potential copers and non-copers were calculated using an independent
Student’s t-test. The LSI of the OLH test and the 6MTH test were calculated from the mean
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of the two trials, using the formula injured/uninjured*100 for the OLH test and uninjured/
injured*100 for the 6MTH test, respectively.

Pearsons Product-Moment correlation coefficients were used to assess the association
between mean relative differences of torque at specific angles, peak torque and work in
cycle and mean LSI from the OLH and 6MTH tests. Correlations were regarded moderate if
r=.30–.50, and strong if r>.507, 25. Furthermore, in order to investigate explanatory power of
torque at each specific angle, peak and work in cycle, the final step of the analysis included
regression analyses. Due to inherent multicolinearity both between torque values and the
single-leg hop tests, simple linear regression models were computed with each of the
specific torque values, peak torque and work in cycle as the independent variable and the
two single-leg hop tests as the dependent variable.

Statistical Package for Social Sciences 16.0 (SPSS Inc., Chicago, Illinois) was used for all
mean comparisons, correlation and regression analyses.

RESULTS
Seventy-six individuals with a unilateral ACL-rupture, 44 women and 32 men, with the
mean age of 24.5 years (range 14–45) and 28.3 years (range 18–47), were included in the
study. Mean time between date of injury and data collection was 60.7 (range 23–96) days.
Following the criteria of Fitzgerald et al.12; 44 subjects were classified as potential copers
and 32 subjects as non-copers. Classification as a potential coper requires ≥80 %
performance on the 6MTH, a visual analogue assesment of knee function of ≥ 60 %, a score
on the Knee Outcome Survey Activities of Daily Living Scale (KOS-ADLS) of ≥80 %, and
no more than one episode of giving way since the index injury12.

Peak torque was reached at a mean angle of 61° for the injured leg and 60° for the uninjured
leg. There were no difference in angle of peak torque between potential copers and non-
copers. Significant differences (p<0.05) were found between the absolute strength values for
the injured versus the uninjured leg for torque at all the specific angles, peak torque and
work in cycle for all subjects, except for potential copers at 80° knee flexion (p=0.152)
(Table 1).

Mean relative strength values for potential copers and non-copers throughout the ROM
showed that there were significant differences (p<0.05) in strength between the groups for
all torque conditions, except at 50° knee flexion (p=0.069). Peak torque mean relative
differences between the injured and the uninjured leg were 12.0 % for the group as a whole,
9.5 % for potential copers and 15.1 % for non-copers; whereas the corresponding mean
relative differences in work in cycle were 12.8 %, 9.2 % and 17.4 %. The largest mean
relative differences between the injured and the uninjured leg were established at knee
flexion angles less than 40°, with values ranging from 14.6% to 16.0% for the group as a
whole, 8.8% to 11.8% for potential copers and 18.3% to 22.6% for non-copers. The mean
relative strength differences at specific angles during the ROM from 80−15° knee flexion
for all subjects, potential copers and non-copers are illustrated in Figure 1.

The mean LSI of the single-legged hop tests we re 91.1% (SD = 9.67) for OLH test and
92.5% for 6MTH test (SD = 8.49). There were no significant differences in LSI between
potential copers and non-copers. No significant correlations were established between
strength and LSI for the OLH test or the 6MTH test for potential copers (Table 2). The
moderate correlations for the group as a whole, thus, stem from the non-copers. In order to
evaluate the explanatory contribution of relative mean strength performance at different
conditions for non-copers, single linear regression models were computed (Table 3).
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Significant R2-values were found at 60°, 50° and 40° knee flexion, peak torque and work in
cycle for the OLH test (p<0.05). Explanatory power for the significant conditions ranged
from 13.3% for peak torque to 19.7% for 50° knee flexion. For 6MTH test, highly
significant R2-values were established for all knee flexion angles, peak torque and work in
cycle (p<0.001) except 70° (p<0.05) and 80° knee flexion (NS). Explanatory values were
higher for the 6MTH test than the OLH test; ranging from 14.1% for 70° knee flexion to
equal or above 30% for 40°, 30°, 20° knee flexion and work in cycle.

DISCUSSION
Our hypotheses were supported by the results. ACL deficient individuals reveal an isokinetic
quadriceps strength profile with the largest strength deficits for the injured leg at knee
flexion angles less than 40° knee flexion. This characteristic pattern is applicable for the
whole patient group, but most evident in individuals classified as non-copers. There were
angle specific torque differences between potential copers and non-copers. Non-copers
exhibit an undoubtedly different quadriceps strength profile than potential copers, with
significant differences for all strength assessments except at 50° knee flexion (p<0.05). The
angles that discriminate between potential copers and non-copers are those greater than 60°
and less than 40° knee flexion. Peak torque measurements typically occur in the range were
differences were smallest. Associations between angle specific torque and single-leg hop
performance were evident only in non-copers.

Comparing relative strength values between the injured and the uninjured leg, the largest
deficits were established for knee angles less than 40° knee flexion. From the interpretation
of these strength profiles, the validity of the extensive use of peak torque as the only
outcome measurement when evaluating quadriceps strength in ACL deficient individuals
may be questioned. The ACL is biomechanically exposed for most strain when the knee is in
slight flexion or full extension, combined with internal rotation and/or valgus
loading29, 37, 57. In a recent systematic review, Shimokochi et al.46 concluded that most
ACL-injuries occur when the knee is exposed to combined motions at or near full extension.
Peak torque is in our study reached at 61° for the injured and 60° for the uninjured side;
which is comparable to other studies18, 47, 49, 53. Our findings, with significantly larger
deficits at knee flexion angles less than 40°, may suggest that the point during the ROM
where peak torque is reached not necessarily is the most relevant outcome for quadriceps
strength assessment in subjects with ACL deficiency. The interpreation of peak torque in our
study would imply that the group as a whole and those classified as potential copers would
be close to or within what is regarded as normal limb symmetry with no definite muscle
imbalance. However, the quadriceps deficits found at 30° to 15° knee flexion in non-copers
were above 20%. These findings are enhanced by the fact that non-copers compared to
potential copers are significantly weaker in mean comparisons of strength at 15° and 20°
knee flexion in the injured side, but have similar strength values at the uninjured side
(except at 70° knee flexion). Hence, the side-to-side differences documented in this study
are not caused by increased strength in the uninjured leg, but stem from evident weakness at
the injured side. The subjects included in this study have relatively small deficits in
quadriceps strength in that they at mean are close to the 90 % side-to-side cut-off considered
to be within normal symmetry48. It may be hypothesized that the characteristic isokinetic
quadriceps profile described in this study may manifest itself even more clearly in ACL
deficient individuals with more prominent deficits.

Few previous studies have investigated quadriceps torque curve profiles in detail. Shirakura
et al.47 investigated quadriceps torque in 30 individuals classified as having chronic ACL
deficiency at 60°/sec at 9° intervals throughout the extension curve from 81° to 9° knee
flexion. They found significant differences in quadriceps torque values between the injured
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and uninjured side at angles less than 54° knee flexion. However, peak torque values in the
injured knee were comparable both to the uninjured knee and a group of controls. This is in
line with our results; since we found evident asymmetry at angles below 40° knee flexion
but less asymmetry at peak torque. Bryant et al.6 computed average quadriceps torque at 10°
intervals from 80° to 10° knee flexion, and found that average torque values obtained
between 70° and 20° flexion were significantly associated with The Cincinatti Knee Score
(r-values 0.48–0.59). The authors argued that torque values in this area of the isokinetic
curve should be emphasized in order to improve knee function. Our results suggested more
specifically that it is the area between 40° and 15° knee flexion that is of particular
importance, especially when addressing the subjects classified as non-copers. The curve
profile characteristics established for the non-copers in our study were also in
correspondence to Ikeda et al.18; who described a quadriceps curve pattern for about one
fourth of ACL deficient subjects characterized by a sharp descending slope in the late phase
of the curve towards full extension. They did, however, not classify their cohort to potential
copers and non-copers, so the functional status of the subjects that were characterized by this
drop in the curve is unknown.

Critique has been raised towards the use of isokinetic assessment because its lack of
functionality1, 41. However, one argument in favor of isokinetic testing is that the open
kinetic chain nature of the test allows isolation of the muscle of concern. Functional weight-
bearing movements will always involve motion in adjacent joints as well as the target joint.
Thus, functional assessments will reflect multi-level performance. It is, therefore, just the
open chain kinetic feature of isokinetic testing that often is being criticized for non-
functionality that enables specific quantification of deficits in isolated muscles41, 53.

In most existing studies on relationship between isokinetic strength and single-leg hop test
performance, peak torque has been the outcome variable for the isokinetic
assessments13, 35, 38, 54. Different angular velocities from isokinetic assessments have been
investigated23, 35, 38, 54, but correlations between exact torque values at different knee
flexion angles throughout the isokinetic curve and single-leg hop performance has not been
reported in the literature.

In this study, moderate associations (r=.30–.50)7, 25 were established between strength and
hop performance when looking at the subjects as one group of ACL deficient subjects.
These results are compatible to previous studies that have reported significant, but moderate
correlations23, 33, 38, 39, 54. When the subjects are classified into potential copers and copers,
however, no significant correlations were evident for those classified as potential copers. For
non-copers, moderate correlations were established for knee flexion angles 80°−40°, peak
torque and work in cycle for the OLH test, whereas the 6MTH test was strongly correlated
(r>.50)7, 25 to knee flexion angles from 50°−20°, peak torque and total work, and
moderately correlated to knee flexion angles 70°, 60° and 15°. The subsequent regression
analysis for non-copers showed that quadriceps torque from 40°−20° and work in cycle had
the highest explanatory power for the 6MTH test. Values for each of these conditions
exceeded 30%. For the OLH test, significant, but lower explanatory power was found for
60°− 40° knee flexion and peak torque. Hence, the characteristic iskonetic quadriceps
profile characterizing strength deficits in non-copers was best reflected in the 6MTH test.

The ability to perform a single-leg hop is dependent on quadriceps strength, since a
consequence of strength loss is a reduced ability to both absorb and generate force during
activity30. However, single-leg hop tests also reflect neuromuscular control, power, joint
function and ROM, as well as the self-esteem and confidence of the subjects28, 43. Providing
a detailed description of the quadriceps strength profile in our subjects revealed information
on functionality in the OLH and 6MTH tests that would have been disclosed if only peak
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torque had been included; especially for the 6MTH test. Our results further suggest that
classification into potential copers and non-copers may divulge clinically important
differences both in the isokinetic quadriceps strength profiles and their association to knee
function that would be unapparent if the individuals had been regarded as one homogeneous
group of ACL deficient individuals.

The classification algorithm for identifying potential copers and non-copers include several
functional and clinical variables that combined indicate the leven of neuromuscular function
and ability to stabilize the knee during activity17. Isokinetic quadriceps strength is not
incorporated in the classification algorithm12. Still, our results signify that the isokinetic
quadriceps strength profile of ACL deficient subjects reflects the classification; in that those
revealing a curve with ascending side-to-side differences between the injured and uninjured
leg from 40° knee flexion towards full extension are more likely to be non-copers. Our study
may contribute to disclose more specifically the nature of these quadriceps muscle
performance deficits. In addition, previous studies considering the classification algorithm
for ACL deficient individuals have been limited in explaining the underlying factors that
may contribute to the differences in dynamic knee stability observed between potential
copers and non-copers17. The deviant characteristics of the isokinetic quadriceps strength
profiles in potential copers and non-copers may add to our understanding of differences in
stabilization strategies. From our results we suggest that angle specific torque values should
be incorporated in evaluation of isokinetic quadriceps strength assesments in addition to
peak torque and work, and also be considered as a supplement to single-leg hop tests in
order to better characterize potential copers and non-copers. Future studies should outline
how the identified quadriceps curve profiles are adjusting as a response to specific
rehabilitation, or whether they are persistent over time. If the latter is the case, advising non-
copers to return to high-level activity based on assessments of peak torque alone could be
imprudent.

Limitations
The inclusion criteria for this study entail that only individuals with an isolated ACL injury,
who were able to perform both isokinetic dynamometry and single-legged hop tests without
pain, are represented. Hence, the results can not be generalized to ACL deficient subjects
with concomitant knee injuries that involve the symptoms pain or reduced ROM.

No control group of uninjured subjects was included in this study. Even though the of the
uninjured leg as control is an established approach when evaluating deficits after ACL
injury4, 15, 38, recent studies have suggested that neuromuscular dysfunction and quadriceps
strength loss after ACL injury also affects the uninjured side20, 24, 36. Including a control
group of uninjured subjects could therefore enhanced our interpretation of the isokinetic
quadriceps strength profiles of the ACL deficient knees.

CONCLUSIONS
Isokinetic curve profiles based on angle specific torque values provide more information on
quadriceps muscle performance after ACL injury than the established use of peak torque
values alone. Quadriceps deficits are in general more severe at knee flexion angles less than
40°, and this characteristic pattern is even more evident for individuals classified as non-
copers. The curve profiles are also reflected in single-hop performance, in particular when
associated to the 6 meter timed hop test. Implementing isokinetic curve profiles in the
assessment of ACL deficient patients i n addition to established measurements may enhance
understanding of quadriceps deficits, and be an important tool for more adequate evaluation
of isokinetic quadriceps strength development during the rehabilitation process.
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Clinical relevance
Interpretation of the isokinetic curve profiles seem to be of clinical importance for the
evaluation of quadriceps muscle performance after ACL injury.

Reference List
1. Andrade MS, Cohen M, Picarro IC, Silva AC. Knee performance after anterior cruciate ligament

reconstruction. Isokinetics and Exercise Science. 2009; 10:81–86.
2. Ayalon M, Barak Y, Rubinstein M. Qualitative analysis of the isokinetic moment curve of the knee

extensors. Isokinetics and Exercise Science. 2002; 10:145–151.
3. Ayalon M, Rubinstein M, Barak Y, Dunsky A, Ben-Sira D. Identification of feigned strength test of

the knee extensors and flexors based on the shape of the isokinetic torque curve. Isokinetics and
Exercise Science. 2001; 9:45–50.

4. Barber SD, Noyes FR, Mangine RE, McCloskey JW, Hartman W. Quantitative assessment of
functional limitations in normal and anterior cruciate ligament-deficient knees. Clin Orthop Relat
Res. 1990 June.(255):204–214. [PubMed: 2347154]

5. Benjuya N, Plotqin D, Melzer I. Isokinetic profile of patient with anterior cruciate ligament tear.
Isokinetics and Exercise Science. 2000; 8:229–232.

6. Bryant AL, Creaby MW, Newton RU, Steele JR. Dynamic restraint capacity of the hamstring
muscles has important functional implications after anterior cruciate ligament injury and anterior
cruciate ligament reconstruction. Arch Phys Med Rehabil. 2008 December; 89(12):2324–2331.
[PubMed: 19061745]

7. Cohen, J. Statistical power analysis for the behavioural sciences (2nd ed.). Second edition ed. 1988.
8. Croisier JL, Malnati M, Reichard LB, Peretz C, Dvir Z. Quadriceps and hamstring isokinetic

strength and electromyographic activity measured at different ranges of motion: a reproducibility
study. J Electromyogr Kinesiol. 2007 August; 17(4):484–492. [PubMed: 16822681]

9. Dvir, Z. Isokinetics. Muscle testing, interpretation and clinical applications. Second edition ed.
London: Churchill Livingstone; 2004.

10. Eastlack ME, Axe MJ, Snyder-Mackler L. Laxity, instability, and functional outcome after ACL
injury: copers versus noncopers. Med Sci Sports Exerc. 1999 February; 31(2):210–215. [PubMed:
10063808]

11. Eitzen I, Risberg MA, Holm I. Preoperative quadriceps strength is a significant predictor of knee
function two years after anterior cruciate ligament reconstruction. Br J Sports Med. 2009 February
17.

12. Fitzgerald GK, Axe MJ, Snyder-Mackler L. A decision-making scheme for returning patients to
high-level activity with nonoperative treatment after anterior cruciate ligament rupture. Knee Surg
Sports Traumatol Arthrosc. 2000; 8(2):76–82. [PubMed: 10795668]

13. Hamilton RT, Shultz SJ, Schmitz RJ, Perrin DH. Triple-hop distance as a valid predictor of lower
limb strength and power. J Athl Train. 2008 April; 43(2):144–151. [PubMed: 18345338]

14. Hefti F, Muller W, Jakob RP, Staubli HU. Evaluation of knee ligament injuries with the IKDC
form. Knee Surg Sports Traumatol Arthrosc. 1993; 1(3–4):226–234. [PubMed: 8536037]

15. Hole CD, Smit GH, Hammond J, Kumar A, Saxton J, Cochrane T. Dynamic control and
conventional strength ratios of the quadriceps and hamstrings in subjects with anterior cruciate
ligament deficiency. Ergonomics. 2000 October; 43(10):1603–1609. [PubMed: 11083140]

16. Holm, I. Quantification of muscle strength by isokinetic performance. Norway: University of Oslo;
1996.

17. Hurd WJ, Axe MJ, Snyder-Mackler L. A 10-year prospective trial of a patient management
algorithm and screening examination for highly active individuals with anterior cruciate ligament
injury: Part 2, determinants of dynamic knee stability. Am J Sports Med. 2008 January; 36(1):48–
56. [PubMed: 17932399]

18. Ikeda H, Kurosawa H, Kim SG. Quadriceps torque curve pattern in patients with anterior cruciate
ligament injury. Int Orthop. 2002; 26(6):374–376. [PubMed: 12466872]

Eitzen et al. Page 9

Am J Sports Med. Author manuscript; available in PMC 2011 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



19. Impellizzeri FM, Bizzini M, Rampinini E, Cereda F, Maffiuletti NA. Reliability of isokinetic
strength imbalance ratios measured using the Cybex NORM dynamometer. Clin Physiol Funct
Imaging. 2008 March; 28(2):113–119. [PubMed: 18070123]

20. Ingersoll CD, Grindstaff TL, Pietrosimone BG, Hart JM. Neuromuscular consequences of anterior
cruciate ligament injury. Clin Sports Med. 2008 July; 27(3):383–404. [PubMed: 18503874]

21. Kannus P. Peak torque and total work relationship in the thigh muscles after anterior cruciate
ligament injury. J Orthop Sports Phys Ther. 1988; 10(3):97–101. [PubMed: 18796971]

22. Kannus P, Jarvinen M, Johnson R, et al. Function of the quadriceps and hamstrings muscles in
knees with chronic partial deficiency of the anterior cruciate ligament. Isometric and isokinetic
evaluation. Am J Sports Med. 1992 March; 20(2):162–168. [PubMed: 1558244]

23. Keays SL, Bullock-Saxton JE, Newcombe P, Keays AC. The relationship between knee strength
and functional stability before and after anterior cruciate ligament reconstruction. J Orthop Res.
2003 March; 21(2):231–237. [PubMed: 12568953]

24. Konishi Y, Ikeda K, Nishino A, Sunaga M, Aihara Y, Fukubayashi T. Relationship between
quadriceps femoris muscle volume and muscle torque after anterior cruciate ligament repair.
Scand J Med Sci Sports. 2007 December; 17(6):656–661. [PubMed: 17331086]

25. Kotrlik JW, Williams HA. The incorporation of effect size in information technology, learning,
and performance research. Information technology, learning and performance journal. 2003; 21(1):
1–7.

26. Kurdak SS, Özgünen K, Ümüt A, et al. Analysis of isokinetic knee extension/flexion in male elite
adolescent wrestlers. Journal of Sports Science and Medicine. 2005; 4:489–498.

27. Lephart SM, Kocher MS, Harner CD, Fu FH. Quadriceps strength and functional capacity after
anterior cruciate ligament reconstruction. Patellar tendon autograft versus allograft. Am J Sports
Med. 1993 September; 21(5):738–743. [PubMed: 8238718]

28. Manske RC, Smith BS, Rogers ME, Wyatt FB. Closed kinetic chain (linear) isokinetic testing:
relationships to functional testing. Isokinetics and Exercise Science. 2003; 11:171–179.

29. Markolf KL, Burchfield DM, Shapiro MM, Shepard MF, Finerman GA, Slauterbeck JL. Combined
knee loading states that generate high anterior cruciate ligament forces. J Orthop Res. 1995
November; 13(6):930–935. [PubMed: 8544031]

30. Mattacola CG, Perrin DH, Gansneder BM, Gieck JH, Saliba EN, McCue FC III. Strength,
Functional Outcome, and Postural Stability After Anterior Cruciate Ligament Reconstruction. J
Athl Train. 2002 September; 37(3):262–268. [PubMed: 12937583]

31. Natri A, Jarvinen M, Latvala K, Kannus P. Isokinetic muscle performance after anterior cruciate
ligament surgery. Long-term results and outcome predicting factors after primary surgery and late-
phase reconstruction. Int J Sports Med. 1996 April; 17(3):223–228. [PubMed: 8739578]

32. Noyes FR, Barber SD, Mangine RE. Abnormal lower limb symmetry determined by function hop
tests after anterior cruciate ligament rupture. Am J Sports Med. 1991 September; 19(5):513–518.
[PubMed: 1962720]

33. Nyberg B, Granhed H, Peterson K, Piros C, Svantesson U. Muscle strength and jumping distance
during 10 years post ACL reconstruction. Isokinetics and Exercise Science. 2006; 14:363–370.

34. O'Donnell S, Thomas SG, Marks P. Improving the sensitivity of the hop index in patients with an
ACL deficient knee by transforming the hop distance scores. BMC Musculoskelet Disord. 2006;
7:9. [PubMed: 16448576]

35. Ostenberg A, Roos E, Ekdahl C, Roos H. Isokinetic knee extensor strength and functional
performance in healthy female soccer players. Scand J Med Sci Sports. 1998 October; 8(5 Pt 1):
257–264. [PubMed: 9809383]

36. Palmieri-Smith RM, Thomas AC, Wojtys EM. Maximizing quadriceps strength after ACL
reconstruction. Clin Sports Med. 2008 July; 27(3):405–424. [PubMed: 18503875]

37. Petersen W, Zantop T. Anatomy of the anterior cruciate ligament with regard to its two bundles.
Clin Orthop Relat Res. 2007 January.454:35–47. [PubMed: 17075382]

38. Petschnig R, Baron R, Albrecht M. The relationship between isokinetic quadriceps strength test
and hop tests for distance and one-legged vertical jump test following anterior cruciate ligament
reconstruction. J Orthop Sports Phys Ther. 1998 July; 28(1):23–31. [PubMed: 9653687]

Eitzen et al. Page 10

Am J Sports Med. Author manuscript; available in PMC 2011 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



39. Pincivero DM, Heller BM, Hou SI. The effects of ACL injury on quadriceps and hamstring torque,
work and power. J Sports Sci. 2002 September; 20(9):689–696. [PubMed: 12200920]

40. Probst MM, Fletcher R, Seelig DS. A comparison of lower-body flexibility, strength, and knee
stability between karate athletes and active controls. J Strength Cond Res. 2007 May; 21(2):451–
455. [PubMed: 17530951]

41. Pua YH, Bryant AL, Steele JR, Newton RU, Wrigley TV. Isokinetic dynamometry in anterior
cruciate ligament injury and reconstruction. Ann Acad Med Singapore. 2008 April; 37(4):330–
340. [PubMed: 18461219]

42. Reichard LB, Croisier JL, Malnati M, Katz-Leurer M, Dvir Z. Testing knee extension and flexion
strength at different ranges of motion: an isokinetic and electromyographic study. Eur J Appl
Physiol. 2005 October; 95(4):371–376. [PubMed: 16086147]

43. Reid A, Birmingham TB, Stratford PW, Alcock GK, Giffin JR. Hop testing provides a reliable and
valid outcome measure during rehabilitation after anterior cruciate ligament reconstruction. Phys
Ther. 2007 March; 87(3):337–349. [PubMed: 17311886]

44. Ross MD, Irrgang JJ, Denegar CR, McCloy CM, Unangst ET. The relationship between
participation restrictions and selected clinical measures following anterior cruciate ligament
reconstruction. Knee Surg Sports Traumatol Arthrosc. 2002 January; 10(1):10–19. [PubMed:
11819015]

45. Rudolph KS, Axe MJ, Snyder-Mackler L. Dynamic stability after ACL injury: who can hop? Knee
Surg Sports Traumatol Arthrosc. 2000; 8(5):262–269. [PubMed: 11061293]

46. Shimokochi Y, Shultz SJ. Mechanisms of noncontact anterior cruciate ligament injury. J Athl
Train. 2008 July; 43(4):396–408. [PubMed: 18668173]

47. Shirakura K, Kato K, Udagawa E. Characteristics of the isokinetic performance of patients with
injured cruciate ligaments. Am J Sports Med. 1992 November; 20(6):754–760. [PubMed:
1456372]

48. Siqueira CM, Pelegrini FR, Fontana MF, Greve JM. Isokinetic dynamometry of knee flexors and
extensors: comparative study among non-athletes, jumper athletes and runner athletes. Rev Hosp
Clin Fac Med Sao Paulo. 2002 January; 57(1):19–24. [PubMed: 12170345]

49. Slocker de Arce A, Sanchez JC, Camacho FJF, de Arriba CC, Pellico LG. Isokinetic evaluation of
the healthy knee: Position of the joint at the peak torque. Isokinetics and Exercise Science. 2001;
9:151–154.

50. Snyder-Mackler L, Fitzgerald GK, Bartolozzi AR III, Ciccotti MG. The relationship between
passive joint laxity and functional outcome after anterior cruciate ligament injury. Am J Sports
Med. 1997 March; 25(2):191–195. [PubMed: 9079172]

51. Sole G, Hamren J, Milosavljevic S, Nicholson H, Sullivan SJ. Test-retest reliability of isokinetic
knee extension and flexion. Arch Phys Med Rehabil. Arch Phys Med Rehabil 2007 May; 88(5):
626–631. [PubMed: 17466732]

52. Sørensen H, Zacho M, Simonsen EB, Dyhre-Poulsen P, Klausen K. Joint angle errors in the use of
isokinetic dynamometers. Isokinetics and Exercise Science. 1998; 7:129–133.

53. Tsepis E, Giakas G, Vagenas G, Georgoulis A. Frequency content asymmetry of the isokinetic
curve between ACL deficient and healthy knee. J Biomech. 2004 June; 37(6):857–864. [PubMed:
15111073]

54. Wilk KE, Romaniello WT, Soscia SM, Arrigo CA, Andrews JR. The relationship between
subjective knee scores, isokinetic testing, and functional testing in the ACL-reconstructed knee. J
Orthop Sports Phys Ther. 1994 August; 20(2):60–73. [PubMed: 7920603]

55. Williams GN, Chmielewski T, Rudolph K, Buchanan TS, Snyder-Mackler L. Dynamic knee
stability: current theory and implications for clinicians and scientists. J Orthop Sports Phys Ther.
2001 October; 31(10):546–566. [PubMed: 11665743]

56. Wroble RR, Van Ginkel LA, Grood ES, Noyes FR, Shaffer BL. Repeatability of the KT-1000
arthrometer in a normal population. Am J Sports Med. 1990 July; 18(4):396–399. [PubMed:
2403189]

57. Yasuda K, Ichiyama H, Kondo E, Miyatake S, Inoue M, Tanabe Y. An in vivo biomechanical
study on the tension-versus-knee flexion angle curves of 2 grafts in anatomic double-bundle

Eitzen et al. Page 11

Am J Sports Med. Author manuscript; available in PMC 2011 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



anterior cruciate ligament reconstruction: effects of initial tension and internal tibial rotation.
Arthroscopy. 2008 March; 24(3):276–284. [PubMed: 18308178]

58. Yasuda K, Ohkoshi Y, Tanabe Y, Kaneda K. Quantitative evaluation of knee instability and
muscle strength after anterior cruciate ligament reconstruction using patellar and quadriceps
tendon. Am J Sports Med. 1992 July; 20(4):471–475. [PubMed: 1415894]

Eitzen et al. Page 12

Am J Sports Med. Author manuscript; available in PMC 2011 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Relative mean strength differences between the injured and the uninjured leg
throughout the knee extension ROM (80-15° knee flexion angle)
Legend x-axis: KNEE FLEXION ANGLE (°)
Legend y-axis: RELATIVE STRENGTH DIFFERENCES (%)
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