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Differences and Clinical Implications

Ingrid Eitzen,*†‡ PT, PhD, Hege Grindem,†§ PT, PhD, Agnethe Nilstad,†‡ PT, PhD,
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Background: Reduced quadriceps strength influences knee function and increases the risk of knee osteoarthritis. Thus, it is of
significant clinical relevance to precisely quantify strength deficits in patients with knee injuries.

Purpose: To evaluate isokinetic concentric quadriceps muscle strength torque values, assessed both from peak torque and at
specific knee flexion joint angles, in patients with anterior cruciate ligament (ACL) injury, focal cartilage lesions, and degenerative
meniscus tears.

Study Design: Cohort study; Level of evidence, 3.

Methods: Data were synthesized from patients included in 3 previously conducted research projects: 2 prospective cohort studies
and 1 randomized controlled trial. At the time of inclusion, all patients were candidates for surgery. Isokinetic concentric quad-
riceps muscle strength measurements (60 deg/s) were performed at baseline (preoperative status) and after a period of progressive
supervised exercise therapy (length of rehabilitation period: 5 weeks for ACL injury, 12 weeks for cartilage lesions and degenerative
meniscus). Outcome measures were peak torque and torque at specific knee flexion joint angles from 20� to 70�. All patients had
unilateral injuries, and side-to-side deficits were calculated. For comparisons between and within groups, we utilized 1-way
analysis of variance and paired t tests, respectively.

Results: In total, 250 patients were included. At baseline, cartilage patients had the most severe deficit (39.7% ± 24.3%; P < .001).
Corresponding numbers for ACL and degenerative meniscus subjects were 21.7% (±13.2%) and 20.7% (±16.3%), respectively. At
retest, there was significant improvement in all groups (P < .001), with remaining deficits of 24.7% (±18.5%) for cartilage, 16.8%
(±13.9%) for ACL, and 3.3% (±17.8%) for degenerative meniscus. Peak torque was consistently measured at 60� of knee flexion,
whereas the largest mean deficits were measured at 30� at baseline and 70� at retest for the ACL group, at 70� at baseline and
retest for the degenerative meniscus group, and at 60� at baseline and at 50� at retest for the cartilage group.

Conclusion: This study underlines the importance of including torque at specific knee flexion joint angles from isokinetic assess-
ments to identify the most severe quadriceps muscle strength deficits. Furthermore, it confirms the importance of progressive
exercise therapy interventions before potential surgery in patients with knee injuries.
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Quadriceps muscle strength deficits are common both after
acute knee injury and in degenerative knee joint diseases.28

Loss of quadriceps muscle strength may contribute to
reduced knee joint stability, fatigue, and a diminished ability
to adequately dampen impact forces and evenly distribute
load on the joint surface during different weightbearing
activities.22,24,36,37 These implications may prevent

individuals from participating at their desired level of sports
and leisure activities in the short term,27 and in the long
term, play a role in future development of knee osteoarthri-
tis (OA). For patients with a reconstructed anterior cruciate
ligament (ACL), quadriceps muscle strength deficits have
been shown to negatively influence both self-reported
function7 and the ability to return to sport (RTS).21 Further-
more, Grindem et al15 found more symmetrical quadriceps
strength prior to RTS to significantly reduce the knee rein-
jury rate the 2 first years after ACL reconstruction. A recent
meta-analysis26 identified decreased quadriceps muscle
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strength (assessed from peak torque [PT] in 4 and total work
[TW] in 1 of the 5 studies included in the study) as a risk factor
for later development of knee OA, both in the form of post-
traumatic OAafter an injury to the ACL and for primary knee
OA. In older females, quadriceps muscle strength has even
been shown to be significantly associated with independent
living skills.19 Monitoring of quadriceps muscle strength dur-
ing exercise therapy and rehabilitation in patients with knee
pain or knee injuries is therefore of utmost importance, both
from a short- and a long-term perspective.

Quadriceps strength deficits in patients with knee injuries
are usually quantified by comparing the strength of the
injured leg to the uninjured. The gold standard for assess-
ment of quadriceps muscle strength is isokinetic concentric
dynamometry, with PT as the most established outcome mea-
sure.6,13 PT is defined as the greatest observed force during
the set movement cycle of the knee joint. Previous data from
our research group have shown that PT occurs between 50�

and 70� of knee flexion.6 Thus, assessment of PT alone will
provide information about the strength level only at the 1
point during the movement cycle where the greatest torque
occurs. Deficits at other knee joint angles will not be identi-
fied. Consequently, it may be hypothesized that assessing PT
alone may be insufficient to identify both the magnitude and
localization of the most severe quadriceps deficit, unless we
take for granted that the most severe deficits occur at PT.

In a previous study by our group,6 we investigated angle-
specific quadriceps muscle strength comparing differences
between the injured and uninjured limbs in patients with a
recent unilateral ACL injury. When plotting curves for
strength values at specific knee joint flexion angles from
15� to 80�, we found that these patients exhibited the larg-
est deficits at 20� rather than at PT. These findings sug-
gested that assessment of PT alone concealed the largest
deficits in this patient group. As interlimb muscular
strength symmetry is often included in screening tools and
RTS testing protocols, this may have interesting clinical
implications both for patients with ACL injuries and other
knee injuries. Muscle strength assessments are utilized to
monitor progress during rehabilitation and may thus influ-
ence both treatment decisions (nonoperative management
or surgery and timing of potential surgery) and the recom-
mendations we give to our patients regarding activity and
sports participation. For example, the established cutoff for
passing RTS criteria is �90% strength on the injured side
compared with the uninjured.15 But, can we state that our
patients have passed this criterion if the symmetry index is
<90% elsewhere during the movement cycle?

A substantial amount of previous research on quadriceps
muscle strength in patients with knee injuries has involved
those with ACL injury and/or ACL reconstruction.

However, we do know that quadriceps muscle strength def-
icits pose a challenge in patients with other types of knee
injuries. Still, to our knowledge, no study has investigated
angle-specific quadriceps muscle strength patterns in any
other patient group than the ACL.

Over the past 10 years, the Norwegian Research Centre
for Active Rehabilitation (NAR) has conducted 3 different
prospective studies in collaboration with other interna-
tional research centers8,34,38 involving patients with acute
ACL ruptures, focal cartilage lesions, and degenerative
meniscal tears. In all 3 cohorts, isokinetic quadriceps mus-
cle strength has been included as an outcome measure
before and after accomplishment of a progressive exercise
therapy program. The synthesized material from these 3
cohorts now enables us to compare the angle-specific
quadriceps muscle strength curve patterns at baseline and
after rehabilitation in all 3 patient groups. We do not know
whether the largest deficits at baseline occur at PT or
other knee angles in patients with focal cartilage lesions
or degenerative meniscus injuries. Furthermore, we do
not know whether potentially severe strength deficits
manifesting elsewhere than at PT are persistent or to
what extent they may be altered after a period of struc-
tured exercise therapy. This is also unknown for patients
with an ACL injury. We believe identification of both
angle-specific localization and magnitude of strength def-
icits bear clinical interest, as it may help us customize
targeted rehabilitation programs and assist us in treat-
ment decision making for all patient groups.

This study addresses the following research questions:
(1) Are there differences in PT quadriceps muscle strength
between patients with ACL rupture, focal cartilage lesions,
and degenerative meniscal injuries? (2) Are there angle-
specific differences in the isokinetic quadriceps muscle
strength curve pattern between patients with ACL rupture,
focal cartilage lesions, and degenerative meniscal injuries?
(3) Can quadriceps muscle strength torque values and, con-
sequently, muscle strength deficits both at PT and other
specific knee joint angles throughout the curve change for
each patient group after performing a progressive exercise
therapy program? It should be emphasized that this study
is not designed or intended to compare the efficacy of the 3
programs.

METHODS

Subjects

The subjects included were originally recruited in 3 differ-
ent studies: the Delaware-Oslo ACL study,14 the Oslo
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Cartilage Active Rehabilitation and Education (CARE)
study,38 and the Odense Meniscus Exercise (OMEX)
study.34 Patients in all studies were included with unilat-
eral injuries only. An overview of inclusion criteria and
timeline for the 3 cohorts is given in Table 1. As shown, the
time since injury for ACL patients and the duration of
symptoms for the focal cartilage lesion and degenerative
meniscus patients differ substantially. However, all sub-
jects were recruited to their respective studies at a time
point where they were referred to an orthopaedic surgeon
and considered candidates for surgery.

In our clinic, all patients with ACL injury, focal carti-
lage lesions, and degenerative meniscus tears are strongly
encouraged to undergo structured rehabilitation before
it is decided whether they should undergo surgery. All
subjects were candidates for surgery (ACL reconstruction,
cartilage repair, and arthroscopic partial meniscus resection
surgery) at the time of inclusion; however, the final decision
for surgery was different in the 3 cohorts. In the Delaware-

Oslo ACL study, all included patients were obliged to com-
plete a 5-week supervised exercise therapy program8 prior to
consideration of further surgical treatment (n ¼ 150). In
contrast to established practice in other countries, especially
the United States, this was independent of whether they
initially were classified as copers or noncopers.30 The Oslo
CARE study was analogous in that all included patients
were committed to undergo a 12-week supervised exercise
therapy program before the decision for surgery was made38

(n ¼ 48). Thus, the results presented for the ACL and carti-
lage patients reflect the quadriceps muscle strength status
of the patients at baseline and after a period of structured
rehabilitation, before the decision for surgery or continued
nonoperative management was taken. The OMEX study was
different as this was a randomized controlled trial where
patients who were referred to an orthopaedic surgeon as
candidates for surgery were allocated to either arthroscopic
treatment or a nonoperative intervention in the form of a 12-
week supervised exercise therapy program.34 As the

TABLE 1
Overview of Original Studiesa

Delaware-Oslo ACL Cohort Study Oslo CARE Study OMEX Study

Time of inclusion January 2007 to September 2011 June 2008 to January 2010 October 2009 to December 2011
Referral From primary care for consideration

of arthroscopic surgery
From primary care for consideration

of arthroscopic surgery
From primary care for

consideration of arthroscopic
surgery

Inclusion criteria � Men and women aged 13-60 y
� Participation at least 2 times a

week in pivoting sports before
injury

� Unilateral acute complete rupture
of the ACL within the past 3 mo

� Men and women aged 17-50 y
� Arthroscopically verified

full-thickness cartilage lesion
(classified as grade 3 or 4) on
either femoral condyle

� No ligamentous instability
� Lysholm score <75

� Men and women aged 35-60 y
� Unilateral knee pain for

more than 2 mo without
significant trauma

� Degenerative tear of the
meniscus confirmed by MRI

� Eligible for arthroscopic
surgery

Exclusion criteria � Bilateral injury
� Previous injury to either knee
� Concomitant grade 3 knee ligament

injury, fracture, or full-thickness
articular cartilage injuries shown
on MRI

� Meniscus injuries with symptoms
that were not resolved within 3 mo
from injury

� Inability to participate in the
rehabilitation program due to
geography or workload

� Bilateral injury
� Untreated meniscal injury
� Inability to participate in the

rehabilitation program due
to geography or workload

� Bilateral injury
� Acute knee locking
� Ligament injuries
� Knee surgery within the past

2 y
� Inability to participate in the

rehabilitation program due
to geography or workload

Time since injury/duration
of symptoms at inclusion

Time since injury: 8 wk
(range, 3-12 wk)

Duration of symptoms: 46 mo
(range, 41-51 mo)

Duration of symptoms: 7 mo
(range, 5-12 mo)

Participants
Eligible at baseline 150 48 69b

Lost to follow-up at
retestc

6 4 7

Included 144 44 62

aACL, anterior cruciate ligament; MRI, magnetic resonance imaging.
bThe total number of patients included in the OMEX study was 150, but the patients randomized to surgery were not included in the

present study.
cReasons lost to follow-up: Delaware-Oslo ACL cohort study: unable to reach/did not respond, n¼ 2; swelling and unable to perform strength

test, n ¼ 2; loss of angle-specific data due to technical problems, n ¼ 2. OMEX study: unable to reach/did not respond, n ¼ 3; did not show at test
day, n ¼ 2; noncompliant to rehabilitation program n ¼ 2. Oslo CARE study: withdrew from study, n ¼ 3; did not show at test day, n ¼ 1.
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patients who were drawn to arthroscopic treatment
underwent surgery immediately after randomization, only
patients who were allocated to the 12-week supervised
exercise therapy were included in this material (n ¼ 69).

All data are based on preoperative assessments. How-
ever, within 2 years after the baseline test, 64.0% of
included patients in the ACL cohort had undergone recon-
struction. It is important to note that these patients did not
necessarily have isolated ACL tears. At the time of surgery,
27.8% were diagnosed with either a meniscal or cartilage
injury (19.2% medial meniscus, 8.0% lateral meniscus,
0.6% cartilage lesion).

In total, 267 patients from the 3 cohorts were eligible for
inclusion in the present study (Table 1). All subjects pro-
vided written informed consent before inclusion. The stud-
ies were conducted in line with the Declaration of Helsinki
and ethically approved by The National Committees for
Research Ethics in Norway.

Exercise Therapy Interventions

All 3 supervised exercise programs utilized in the different
cohorts have previously been presented in detail in 3 sepa-
rate articles from our research group (Delaware-Oslo ACL,8

Oslo CARE,38 and OMEX35). These articles provide descrip-
tions of the included exercises, dosage, and repetition, as
well as discussions of the feasibility of each program. We
have therefore condensed the information on the programs
to a general description of the overall content and purposes
as well as highlighted differences between the programs
that are of particular relevance for the present study.

All patients had undergone initial rehabilitation
(acute phase rehabilitation for ACL patients) before
inclusion in the study, implying that they had restored
full range of motion and swelling was minimized. Com-
mon for all 3 exercise therapy programs was open- and
closed-chain exercises to address knee and hip muscle
strength and neuromuscular training in the form of bal-
ance and plyometric exercises. Furthermore, all patients
received individual weekly supervision from a physical
therapist who ensured continuous progression of load
in strength exercises and level of difficulty in neuromus-
cular exercises. Adherence to the program as well as
adverse events were registered in training diaries. There
were no major differences in the specific strengthening
exercises included. The most important difference was
the duration of the programs. The patients in the
Delaware-Oslo ACL study completed their program
within 5 weeks.8 In contrast, the exercise therapy pro-
grams for Oslo CARE and OMEX both lasted 12
weeks.35,38 As all 3 programs required a minimum of 2
weekly sessions, the number of sessions was more than
2-fold for the OMEX and Oslo CARE patients. Finally, 10
sessions of specific perturbation training12 were included
in the Delaware-Oslo ACL study only, which means that
this program had an additional component of neuromus-
cular training. The aim of this study, however, was not
to compare the efficacy of the programs but rather to
investigate whether quadriceps muscle strength deficits
appeared with different characteristics between the 3

patient groups and to what extent the patients in each
patient group responded to rehabilitation.

Quadriceps Muscle Strength Testing Procedure

Isokinetic strength was measured with an isokinetic
dynamometer (Biodex 6000; Biodex Medical Systems Inc).
The positioning of the patient was individually adjusted
to ensure correct alignment of the anatomical axis of the
knee joint with the axis of rotation of the lever arm during
the movement. The trunk and thigh of the tested limb were
fastened with straps to minimize body movements. Before
the test, subjects performed a 10-minute warm-up on a sta-
tionary bike, followed by a trial session of 4 repetitions with
submaximal effort to get familiarized with the dynamome-
ter. To minimize chances of test errors, the strength curves
from the trial session were visually inspected, and feedback
was given to the subjects on the importance of maximum
effort during the test. The test then consisted of 5 repetitions
with maximum effort at an angular velocity of 60 deg/s, with
the range of motion (ROM) set from 90� of knee flexion to full
extension (0�). No visual feedback was provided to the sub-
jects during the test. The reliability of assessments of quad-
riceps strength with the use of isokinetic dynamometers has
previously been shown to be adequate, with high intraclass
correlation coefficients both for healthy subjects and subjects
with knee injuries and symptoms.2,10,16,17,33 The chosen set-
tings for ROM and velocity are the most commonly reported
in present literature including patients with knee inju-
ries.4,16,29 The positioning of each patient at baseline was
registered and replicated at the postintervention retest. To
further standardize the test procedure and minimize inter-
rater test variability, no verbal encouragement was given to
the subjects during testing other than counting out loud
from 1 to 5. Arms were kept crossed over the chest during
the entire test.

Data Management and Statistical Analyses

Of the 5 repetitions included in the test, the one with the
highest PT was identified for all patients and selected for
analysis. In addition, angle-specific torque values from
the same test were identified from the Biodex software
program and extracted at 70�, 60�, 50�, 40�, 30�, and 20�

of knee flexion. This range was chosen based on our pre-
vious work with angle-specific isokinetic strength curves6

and after initial assessments of raw data to eliminate
data noise in the acceleration and deceleration phases of
the knee range of motion present at knee joint angles >70�

and <20�. Side-to-side strength deficits were calculated as
100 – involved torque / uninvolved torque � 100. Strength
values are reported as torque (N�m/kg).

All data were checked for outliers, normal distributions,
and homogeneity of variance. Analyses of difference
between the 3 patient groups were performed using 1-way
between-group analysis of variance (ANOVA), and post hoc
testing was assessed with the Fisher least significant dif-
ference test when a significant effect was found. Paired
t tests were used to assess changes after the exercise ther-
apy programs within the respective patient groups.
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Statistical Product and Service Solutions (SPSS) for Win-
dows, V.20.0 (IBM Corp) was used to analyze the data. For
all analyses, the significance level was set at P < .05.

RESULTS

Patient Characteristics

Of 267 patients eligible at baseline, 250 completed the exer-
cise therapy programs and retest and were included in the
final material (Table 1). The demographics of the 3 patient
groups are shown in Table 2.

Significant group differences were found for age, sex,
body mass index (BMI), and time between test and retest
(Table 2). The ACL-injury patients were significantly youn-
ger, had lower BMI, and included more women compared
with patients with degenerative meniscus tears and focal
cartilage lesions. As expected, due to the shorter duration of
the exercise therapy program for the ACL-injury cohort,
there were significant differences in time from baseline to
retest. Specifically regarding the Oslo CARE study, the size
of the articular chondral lesions was a mean ± SD of 2.9 ±
1.3 cm2, and the majority were located on the medial con-
dyle (37/48).

Baseline PT Quadriceps Strength

Patients with ACL injuries had significantly higher PT
strength in the involved leg at baseline than patients with
degenerative meniscus tears (P ¼ .041) and patients with
focal cartilage lesions (P < .001). The involved leg for the
meniscus and cartilage patients did not have significantly
different PT quadriceps strength nor was there a difference
between the 3 groups in PT for the uninvolved leg (all
P > .050). When normalized to body weight (BW), the
ACL-injury patients had significantly higher (PT/BW)
quadriceps strength than did meniscus patients (P < .001),
while both ACL-injury and meniscus patients had
higher PT/BW quadriceps strength than cartilage patients
(P < .001). No differences for the uninvolved leg were

observed for PT/BW between meniscus and cartilage
patients (P ¼ .519), whereas the ACL-injury patients had
significantly higher PT/BW for the uninvolved side than
the 2 other groups (P < .001) (Table 3).

Quadriceps Strength Deficits at Baseline
and After Progressive Exercise Therapy

At baseline, the largest strength deficits (the highest per-
centage deficits between the involved and the uninvolved
leg) were 21.7% (±13.2%) in patients with ACL injuries,
20.7% (±16.3%) in patients with a degenerative meniscus
tear, and 39.7% (±24.3%) in patients with focal cartilage
lesions (Table 3). The largest deficit was significantly
higher in patients with focal cartilage lesions compared
with patients with an ACL injury and patients with a
degenerative meniscus tear (both P < .001). All 3 patient
groups increased the absolute strength of their involved leg
at retest (all P < .001), and both deficits at PT and the
largest deficits observed during total ROM from 70� to 15�

of knee flexion were significantly reduced in all 3 groups
(all P < .001). At retest, the largest deficits were 16.8%
(±13.9%) in patients with ACL injuries, 13.3% (±17.8%) in
patients with a degenerative meniscus tear, and 24.7%
(±18.5%) in patients with focal cartilage lesions (Table 3).

Angle-Specific Quadriceps Strength Curve Patterns
at Baseline and After Progressive Exercise Therapy

Table 4 shows the angle-specific torques for involved and
uninvolved legs at both time points for all 3 groups.The great-
est values were consistently measured at 60� of knee flexion.

Figures 1 and 2 show the mean angle-specific side-to-side
strength deficits at baseline and retest, respectively. The
largest mean strength deficits in patients with ACL inju-
ries were measured at 30� at baseline and at 70� at retest.
In patients with a degenerative meniscus tear, the largest
mean strength deficits were found at 70� both at baseline
and retest. In patients with focal cartilage lesions, the larg-
est mean strength deficits were found at 60� at baseline and
50� at retest.

TABLE 2
Demographics of Patients With an ACL Injury, Degenerative Meniscus Tear, and Focal Cartilage Lesionsa

ACL Injury
(n ¼ 144)

Focal Cartilage
Lesion (n ¼ 44)

Degenerative Meniscus
Tear (n ¼ 62) P Value

Post Hoc
P Value

Age, y 25.9 ± 8.1 34.3 ± 9.3 50.2 ± 6.2 <.001 All <.001
Height, cm 174.6 ± 9.0 177.8 ± 9.2 175.8 ± 8.4 .109
Weight, kg 72.7 ± 13.7 86.2 ± 15.6 81.1 ± 16.3 <.001 ACL vs Men: <.001

ACL vs Cart: <.001
BMI, kg/m2 23.7 ± 3.1 27.3 ± 5.0 26.1 ± 4.0 <.001 ACL vs Men: <.001

ACL vs Cart: <.001
Weeks from baseline to retest 5.1 ± 2.1 14.3 ± 2.3 16.7 ± 2.5 <.001 All: <.001
Women, n (%) 82 (55.0) 13 (31.0) 24 (38.7) .007 ACL vs Men: .031

ACL vs Cart: .006

aData are presented as mean ± SD unless otherwise specified. ACL, anterior cruciate ligament; BMI, body mass index; Cart, patients with
focal cartilage lesions; Men, patients with a degenerative meniscus tear.
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TABLE 3
Peak Torque Quadriceps Strength for Both Legs at Baseline and Retest,

Deficit at Peak Torque, and Largest Deficit During Movementa

ACL Injury (n ¼ 144) Focal Cartilage Lesion (n ¼ 44) Degenerative Meniscus Tear (n ¼ 62) P Value
Between

Groups at
Baseline

Post Hoc
P ValueBaseline Retest P Value Baseline Retest P Value Baseline Retest P Value

Peak torque
involved,
N�m

173.0 ± 48.1 188.7 ± 48.8 <.001 139.8 ± 65.9 176.5 ± 61.1 <.001 157.1 ± 47.0 179.8 ± 47.9 <.001 .001 ACL vs Men:
.041

ACL vs Cart
<.001

Peak torque
uninvolved,
N�m

194.5 ± 51.0 203.5 ± 51.6 <.001 196.3 ± 55.5 204.8 ± 56.1 .100 179.4 ± 47.1 189.4 ± 46.7 .009 .113

Peak torque
involved,
N�m/BW

2.37 ± 0.42 2.59 ± 0.42 <.001 1.63 ± 0.69 2.06 ± 0.64 <.001 1.97 ± 0.54 2.25 ± 0.59 <.001 <.001 ACL vs Men:
<.001

ACL vs Cart:
<.001

Men vs Cart:
.001

Peak torque
uninvolved,
N�m/BW

2.67 ± 0.44 2.79 ± 0.45 <.001 2.29 ± 0.55 2.39 ± 0.56 .092 2.23 ± 0.50 2.36 ± 0.55 .002 <.001 ACL vs Men:
<.001

ACL vs Cart:
<.001

Deficit at PT, % 10.8 ± 10.3 6.8 ± 9.4 <.001 29.1 ± 22.9 14.1 ± 16.1 <.001 12.0 ± 14.5 3.8 ± 17.9 <.001 <.001 ACL vs Cart:
<.001

Largest deficit, % 21.7 ± 13.2 16.8 ± 13.9 <.001 39.7 ± 24.3 24.7 ± 18.5 <.001 20.7 ± 16.3 13.3 ± 17.8 .004 <.001 ACL vs Cart:
<.001

aData presented as mean ± SD. ACL, anterior cruciate ligament; BW, body weight; Cart, patients with focal cartilage lesions; Men, patients
with a degenerative meniscus tear; PT, peak torque.

TABLE 4
Angle-Specific Quadriceps Strength for Both Legs at Baseline and Retesta

Involved Leg Uninvolved Leg

Baseline Retest Change Baseline Retest Change

ACL injury
70� 154.1 ± 41.7 169.2 ± 46.6 15.1 ± 20.5 169.3 ± 50.9 184.7 ± 50.8 15.5 ± 23.3
60� 166.5 ± 46.2 184.7 ± 49.0 18.2 ± 20.3 186.8 ± 50.8 197.9 ± 51.7 11.1 ± 21.2
50� 156.9 ± 44.7 174.0 ± 47.4 17.1 ± 21.4 175.9 ± 46.5 182.9 ± 46.5 7.0 ± 24.1
40� 133.9 ± 41.4 148.3 ± 42.7 14.4 ± 22.3 151.2 ± 40.6 155.3 ± 40.8 4.1 ± 22.8
30� 105.8 ± 35.9 118.5 ± 38.2 12.7 ± 20.5 119.9 ± 33.1 125.0 ± 35.3 5.1 ± 20.3
20� 78.7 ± 29.2 86.5 ± 32.8 7.8 ± 18.2 89.2 ± 27.0 91.4 ± 27.8 2.2 ± 16.7

Degenerative meniscus tear
70� 142.1 ± 46.7 164.5 ± 46.8 22.4 ± 31.5 160.8 ± 45.7 174.7 ± 46.4 14.0 ± 25.8
60� 155.1 ± 46.7 175.1 ± 49.1 20.1 ± 29.6 173.9 ± 46.0 186.2 ± 46.4 12.3 ± 25.9
50� 149.4 ± 42.9 166.2 ± 45.4 16.8 ± 26.4 166.7 ± 41.6 174.7 ± 43.0 8.0 ± 25.6
40� 132.2 ± 37.1 140.6 ± 40.1 8.3 ± 25.4 143.7 ± 34.6 146.6 ± 40.0 2.9 ± 26.0
30� 106.7 ± 31.2 113.7 ± 34.4 7.1 ± 22.9 112.8 ± 28.7 114.6 ± 34.3 1.9 ± 21.9
20� 80.7 ± 24.4 82.7 ± 27.9 2.0 ± 19.6 82.3 ± 23.0 81.5 ± 28.0 -0.7 ± 17.7

Focal cartilage lesion
70� 114.9 ± 64.8 153.5 ± 61.7 38.6 ± 39.6 163.8 ± 58.5 176.4 ± 57.7 12.5 ± 30.5
60� 125.1 ± 67.6 168.2 ± 61.4 43.1 ± 40.8 184.2 ± 60.0 195.7 ± 55.1 11.6 ± 34.4
50� 122.2 ± 61.4 156.6 ± 51.6 34.4 ± 45.1 178.4 ± 52.7 186.4 ± 50.0 8.0 ± 38.4
40� 109.1 ± 50.4 135.2 ± 43.5 26.2 ± 41.4 154.3 ± 44.4 159.8 ± 45.3 5.4 ± 37.3
30� 93.0 ± 38.6 112.9 ± 34.9 20.0 ± 31.7 125.3 ± 34.8 128.4 ± 37.8 3.1 ± 31.2
20� 74.5 ± 29.0 87.4 ± 28.5 12.9 ± 24.8 94.5 ± 29.2 96.8 ± 32.2 2.3 ± 27.0

aData are presented as mean ± SD. ACL, anterior cruciate ligament.
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DISCUSSION

This is the first study to quantify isokinetic quadriceps
muscle strength in 3 different groups of knee-injured
patients from both the gold standard of PT and angle-
specific curve patterns. Furthermore, it is the first study
to evaluate to what extent quadriceps muscle strength def-
icits both at PT and at different knee joint angles can be
modified after a period of progressive exercise therapy. The
patients included in this study were all recruited at a time
point where they were regarded as candidates for surgical
treatment but where the final treatment decision had not
yet been made. Thus, our results should be interpreted in
the context of preoperative assessments.

Our first research question regarded differences in PT
quadriceps muscle strength between patients with ACL
rupture, focal cartilage lesions, and degenerative meniscal
injuries. We determined that PT (absolute value; N�m for
both involved and uninvolved) was measured at 60� for all 3
groups (Table 4). However, the analyses revealed that
patients with ACL injury had significantly smaller PT
quadriceps muscle strength deficits at baseline compared
with patients with focal cartilage lesions and degenerative
meniscus tears. Furthermore, patients with focal cartilage
lesions had significantly larger PT strength deficits than
both patients with an ACL injury and patients with a
degenerative meniscus tear (both P < .001). Concerning
quadriceps muscle strength, it was not surprising that
patients in the ACL cohort revealed the highest absolute
values, as these patients were significantly younger and
generally more athletic than patients included in the other
2 cohorts. Furthermore, due to differences in both age and
activity level between the ACL cohort and the 2 other
cohorts, it is likely that there were also differences in muscle
morphology and absolute strength in favor of the ACL
cohort. However, the finding that muscle strength deficits
were more prominent for patients with focal cartilage lesions
and degenerative meniscus tears should nevertheless be

noted, as it may imply that muscle strength needs to be given
particular focus during rehabilitation. Another important
difference between the groups was the preinclusion patient
history. The baseline testing of the ACL patients took place
on average 8 weeks after acute injury, whereas meniscus
and cartilage patients had experienced symptoms for more
than 6 months and almost 4 years, respectively. Reduced
quadriceps muscle strength after acute knee injury is
believed to frequently be related to arthrogenic muscle inhi-
bition (AMI), attributable to altered sensory information
caused by pain, swelling, inflammation, and damage to
mechanoreceptors.1 Thus, it may be suggested that while
AMI probably still played a part in patients with ACL inju-
ries at the time of inclusion, deficits in the other groups, and
in particular for cartilage patients, to a higher degree could
be explained by inactivity and subsequent muscle atrophy.
However, pain did not seem to play an important role in our
study. All patients included in the final material were able to
complete the muscle strength testing, and very few reported
any pain or discomfort during testing. Our findings for the
ACL cohort may further reflect findings from a recent
study,20 suggesting that the knee flexion test angle may
influence whether peripheral or central factors underlie
observed quadriceps muscle strength loss. The authors sug-
gest that whereas peripheral changes could explain strength
loss at 90� of knee flexion, weakness at 45� appeared to be
strongly associated with limited voluntary activation in line
with the presence of AMI.

Our second research question was related to quadriceps
muscle strength deficits between the involved and unin-
volved leg at specific knee flexion angles for the 3 patient
groups. In the ACL cohort, the largest deficit was found at
30� of knee flexion rather than at the position of PT
(approximately 60�). This pattern was not evident in
patients with focal cartilage lesions or degenerative menis-
cus tears; these patients revealed the largest baseline def-
icit closer to or equivalent with their PT angle: at 60� for the
patients with focal cartilage lesions and 70� of knee flexion

Figure 1. Mean angle-specific deficits at baseline (anterior
cruciate ligament [ACL], n ¼ 144; meniscus, n ¼ 62; cartilage,
n ¼ 42).

Figure 2. Mean angle-specific deficits at postintervention
retest (anterior cruciate ligament [ACL], n ¼ 144; meniscus,
n ¼ 62; cartilage, n ¼ 42).
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for meniscus patients. Thus, our results suggest that there
were differences in angle-specific assessments between the
3 patient groups. Furthermore, the largest side-to-side def-
icit was not disclosed for any patient group when looking at
PT only. The deficits were 10.9, 10.6, and 8.7 percentage
points higher than the deficits at PT for the ACL injury,
cartilage lesion, and degenerative meniscus groups, respec-
tively. These findings indicate the clinical value of includ-
ing more variables than just PT in our assessments of these
patient groups. If PT is not representative for the largest
deficits, we may underestimate the strength loss severity.
Subsequently, we may consequently also underestimate
the effort needed to restore adequate muscle strength sym-
metry or clear patients with regard to RTS too early.

In our third and final research question, we wanted to
investigate the potential for improvement of the quadriceps
muscle absolute strength, and thus reduction in strength
deficits, both at PT and at the angle-specific measured vari-
ables used in this study. We found significant improve-
ments (reduced deficits) in quadriceps muscle strength at
PT in all 3 groups (P < .001) (see Table 2). The deficits
decreased with 4.0 percentage points for the ACL group,
15.0 percentage points for the cartilage lesion group, and
8.2 percentage points for the degenerative meniscus
group. Significant improvement was established in abso-
lute strength at the involved side in all 3 patient groups
(P < .001). The strength increase was furthermore larger
on the involved side than the uninvolved, which confirms
the potential of strength gain on the involved side for all 3
patient groups. The smaller improvement in ACL patients
may be explained both from the shorter duration of the exer-
cise therapy program and the fact that they had the highest
absolute strength values and the lowest deficits at baseline.
The angle-specific deficits observed at baseline were also
reduced throughout the movement cycle in all 3 groups.
Importantly, the largest deficits were reduced to the same
degree as the reductions at PT, with a reduction of 4.8 per-
centage points for the ACL group, 15.0 percentage points for
the cartilage lesion group, and 7.4 percentage points for the
degenerative meniscus group. Two findings postintervention
were of particular clinical interest. First, the specific curve
pattern with the largest deficits toward the extension por-
tion of the ROM observed at baseline among the ACL
patients did not persist at retest. Postintervention, ACL
patients had their largest deficit closer to PT, at 70� of knee
flexion, which means that their curve pattern was more or
less equal to that for cartilage and meniscus patients. This
seems reasonable from the hypothesis that the protective
nature of AMI may play a part for these patients early after
injury. It is also clinically important because improving
strength deficits in angles close to an extended knee may
contribute to reduce the risk of later reinjury. Second, the
cartilage patients revealed not only the greatest deficits at
baseline but also the largest reduction of the deficits. This
shows the potential to significantly reduce even severe
(39.7% at baseline) and long-standing deficits (mean dura-
tion of symptoms, 46 months) through a relatively short
period (12 weeks) of progressive exercise therapy.

The patients included in this study were all candidates
for surgical treatment. In addition to quadriceps muscle

weakness after injury, previous studies have also documen-
ted long-standing postoperative deficits for patients in all
categories included in this study.3,7,9,23,31,37 Postoperative
pain and swelling, as well as restriction to movement and
exercise therapy during the first few months after surgery,
will inevitably lead to at least some degree of nonuse atro-
phy. The total strength loss, and thus the level of strength
that needs to be regained after surgery, will consequently
be the result of aggregated pre- and postoperative muscle
deficits. In this regard, delayed surgery has been argued to
be a possible cause for increased muscular strength defi-
cits.11,25 However, this argument is only valid if the preop-
erative period is not utilized for adequate rehabilitation,
and concurrent evidence therefore underlines the impor-
tance of targeted preoperative interventions before surgical
interventions are considered.18,32,38 The 3 exercise pro-
grams referred to in this study have all been shown to be
feasible in separate studies and demonstrated clinically
meaningful changes5 with few adverse events.8,35,38 As long
as progressive rehabilitation programs introduced prior to
potential surgery are conducted safely, there seems to be no
reason to recommend early surgery for the 3 patient groups
included in this study from the argument of strength loss.

Limitations

The study design of the 3 cohort studies did not include any
control groups that did not receive progressive exercise
therapy. Thus, we cannot account for improvements in
muscle strength from baseline to the postintervention re-
test that might have occurred as a result of time only. It
should also be emphasized that the study was not designed
for or intended to compare the efficacy of the 3 programs.
Assessments from isokinetic dynamometry are not neces-
sarily representative for muscle performance in functional
movements and activities, even though it is the established
gold standard for isolated quantification of muscle strength
in defined movements. Further studies are thus required to
investigate to what extent our findings may be reflected in
other performance-based outcome measures and self-
reported measures.

CONCLUSION

This study provides new data on isokinetic quadriceps mus-
cle strength throughout the ROM, including both the gold
standard outcome measure of PT and angle-specific torque
values in patients with ACL injury, focal cartilage lesions,
and degenerative meniscus tears. Despite differences in
patient characteristics and potentially different underlying
mechanisms for strength loss, all patients revealed excel-
lent potential for quadriceps strength improvements during
progressive exercise therapy. However, analyses of angle-
specific torque values suggest that assessment of PT alone
may not reflect the maximal level of deficit in quadriceps
strength assessment. It is therefore plausible to suggest
more comprehensive testing protocols when evaluating
quadriceps muscle strength in these patient groups to quan-
tify evident deficits.
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