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Context: Quadriceps and hamstrings weakness occurs
frequently after anterior cruciate ligament (ACL) injury and
reconstruction. Evidence suggests that knee injury may precip-
itate hip and ankle muscle weakness, but few data support this
contention after ACL injury and reconstruction.

Objective: To determine if hip, knee, and ankle muscle
weakness present after ACL injury and after rehabilitation for
ACL reconstruction.

Design: Case-control study.
Setting: University research laboratory.
Patients or Other Participants: Fifteen individuals with

ACL injury (8 males, 7 females; age ¼ 20.27 6 5.38 years,
height ¼ 1.75 6 0.10 m, mass ¼ 74.39 6 13.26 kg) and 15
control individuals (7 men, 8 women; age¼ 24.73 6 3.37 years,
height ¼ 1.75 6 0.09 m, mass ¼ 73.25 6 13.48 kg).

Intervention(s): Bilateral concentric strength was assessed
at 608/s on an isokinetic dynamometer. The participants with
ACL injury were tested preoperatively and 6 months postoper-
atively. Control participants were tested on 1 occasion.

Main Outcome Measures: Hip-flexor, -extensor, -abductor,
and -adductor; knee-extensor and -flexor; and ankle–plantar-
flexor and -dorsiflexor strength (Nm/kg).

Results: The ACL-injured participants demonstrated great-
er hip-extensor (percentage difference¼ 19.7, F1,14¼ 7.28, P¼
.02) and -adductor (percentage difference¼16.3, F1,14¼6.15, P
¼ .03) weakness preoperatively than postoperatively, regardless
of limb, and greater postoperative hip-adductor strength
(percentage difference ¼ 29.0, F1,28 ¼ 10.66, P ¼ .003) than

control participants. Knee-extensor and -flexor strength were
lower in the injured than in the uninjured limb preoperatively and
postoperatively (extensor percentage difference ¼ 34.6 preop-
eratively and 32.6 postoperatively, t14 range¼�4.59 to�4.23, P
� .001; flexor percentage difference ¼ 30.6 preoperatively and
10.6 postoperatively, t14 range ¼�6.05 to �3.24, P , .05) with
greater knee-flexor (percentage difference¼ 25.3, t14¼�4.65, P
, .001) weakness preoperatively in the injured limb of ACL-
injured participants. The ACL-injured participants had less
injured limb knee-extensor (percentage difference ¼ 32.0, t28 ¼
�2.84, P¼ .008) and -flexor (percentage difference¼ 24.0, t28¼
�2.44, P ¼ .02) strength preoperatively but not postoperatively
(extensor: t28 ¼�1.79, P ¼ .08; flexor: t28 ¼ 0.57, P ¼ .58) than
control participants. Ankle–plantar-flexor weakness was greater
preoperatively than postoperatively in the ACL-injured limb
(percentage difference ¼ 31.9, t14 ¼�3.20, P ¼ .006).

Conclusions: The ACL-injured participants presented with
hip-extensor, -adductor, and ankle–plantar-flexor weakness that
appeared to be countered during postoperative rehabilitation.
Our results confirmed previous findings suggesting greater
knee-extensor and -flexor weakness postoperatively in the
injured limb than the uninjured limb. The knee extensors and
flexors are important dynamic stabilizers; weakness in these
muscles could impair knee joint stability. Improving rehabilitation
strategies to better target this lingering weakness seems
imperative.
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Key Points

� Quadriceps and hamstrings weakness in the injured limb persisted when individuals returned to activity after anterior
cruciate ligament reconstruction.

� Determining the cause of and developing more effective strategies to address quadriceps and hamstrings weakness
are important.

� Ankle–plantar-flexor weakness was present preoperatively in the injured limb but was effectively addressed with
rehabilitation after anterior cruciate ligament reconstruction.

� The hip extensors and adductors were stronger postoperatively than preoperatively, suggesting that postoperative
strength gains were made with rehabilitation.

T
raumatic anterior cruciate ligament (ACL) injury

occurs frequently during athletic activity, precipi-

tating numerous immediate and long-term conse-

quences, such as pain, disability, and ultimately joint

degeneration.1 Lower extremity muscle weakness, particu-

larly in the quadriceps and hamstrings, also is reported

commonly after ACL injury and reconstruction, often

lingering well beyond the postoperative rehabilitation

period.2,3

Quadriceps strength deficits in the injured limb reportedly

range from 5% to 40%2–10 and have been noted as long as 7

years after surgery.3 Hamstrings strength deficits in the

610 Volume 48 � Number 5 � October 2013

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-19 via free access



injured limb have been reported to range from 9% to
27%2,3,5,8,9,11 and have been reported 3 years after surgery.5

Similarly, quadriceps and hamstrings strength deficits in the
uninjured limbs of patients who have had ACL reconstruc-
tion have been reported to be 21% and 14%, respectively, 3
years after surgical repair.5

Less often considered is the strength of the hip and
triceps surae musculature. Clinical observation and emerg-
ing evidence8 have suggested that strength within these
muscle groups may be influenced negatively by the injury
and reconstruction processes. Jaramillo et al12 reported hip-
flexor and -extensor and hip-abductor and -adductor
weakness after knee surgery, but their results were not
limited to a population that had ACL reconstruction. The
presence of both hip-flexor8 and -adductor13 weakness has
been confirmed after ACL reconstruction. Hip-flexor
weakness has been reported 2 years after surgery in the
injured compared with the uninjured limb.8 Persistent
quadriceps weakness may have contributed to hip-flexor
weakness, given the biarticular nature of the rectus femoris.
Hiemstra et al13 reported hip-adductor weakness after
semitendinosus and gracilis autograft reconstruction and
suggested that donor site morbidity and neurologic
alterations may have contributed to the resultant weakness.
At the ankle, Karanikas et al8 noted no differences
bilaterally in isokinetic ankle–plantar-flexor strength be-
tween 3 and 6 months or between 6 and 12 months after
surgery; however, researchers using ultrasound to assess
calf muscle thickness have demonstrated preoperative to
postoperative reductions in muscle thickness after tradi-
tional rehabilitation,14 which indicates calf muscle atrophy
and, likely, weakness.

Considering the importance of muscle strength for
controlling lower limb dynamic stability15,16 and consider-
ing that long-term sequelae, such as osteoarthritis, have
been proposed to result from lingering muscle weakness,17

confirming and quantifying the presence of lower extremity
muscle weakness seems imperative so that strategies to
counter it can be better implemented within rehabilitation
protocols. Therefore, the purpose of our study was to
determine if weakness was present in the hip-, knee-, and
ankle-flexor and -extensor musculature and the hip
abductors and adductors after ACL injury and after ACL
reconstruction and postoperative rehabilitation. We hypoth-
esized that participants would demonstrate weakness
preoperatively and postoperatively within the (1) hip-
flexor, -extensor, and -abductor muscle groups; (2) knee
flexors and extensors; and (3) ankle–plantar-flexor and
-dorsiflexor musculature. We believed these deficits would
be present in the injured but not in the uninjured limb of the
ACL-injured participants or in the test limb of the control
participants.

METHODS

Participants

Fifteen individuals with ACL injury (8 males, 7 females;
age¼ 20.27 6 5.38 years, height¼ 1.75 6 0.10 m, mass¼
74.39 6 13.26 kg) and 15 control participants (7 men, 8
women; age¼ 24.73 6 3.37 years, height¼ 1.75 6 0.09 m,
mass ¼ 73.25 6 13.48 kg) were included in this study.
Control participants were age matched (62 years) and

activity matched (61 point on the Tegner physical activity
scale18) to the participants in the ACL-injured group.
Control participants were included because we could not
guarantee that the uninjured limbs of participants with ACL
injury were not affected by the injury and reconstruction
processes. A power analysis based on pilot data collected in
our laboratory on individuals who had ACL reconstruction
revealed that 13 participants per group would be needed to
achieve quadriceps and hamstrings isokinetic strength
differences between the injured and uninjured limbs with
80% statistical power and an a level of .05.

Potential participants had to have sustained a complete
ACL rupture during athletic activity and to have received a
diagnosis of ACL rupture from a physician within 1 month
of sustaining the injury. Individuals were excluded if they
(1) had a history of surgery to either knee, (2) had a
previous partial ACL tear, (3) had other ligamentous
damage concurrent with ACL injury, or (4) were not
scheduled for ipsilateral ACL reconstruction with bone–
patellar tendon–bone (BPTB) autograft. Pregnant females
also were excluded. Potential participants for the control
group were further excluded if they had a history of any
lower extremity surgery or had injured the lower extremity
in the 6 months before the study. Six surgeons from 1 sports
medicine clinic performed all ACL reconstructions using a
standardized patellar tendon autograft procedure. The
rehabilitation completed by all ACL-injured participants
in this study was performed at 1 outpatient clinic and was a
standard rehabilitation protocol conducted 2 to 3 times per
week. Rehabilitation began during the first postoperative
week and concluded during the 12th through 16th
postoperative weeks, depending on the individual’s pro-
gression. Rehabilitation emphasized knee range of motion,
muscle strengthening, and functional exercises (Appendix).
Any preoperative rehabilitation performed emphasized
restoring knee range of motion. All participants provided
written informed consent, and the Institutional Review
Board of the University of Michigan Medical School
approved the study.

Strength-Testing Procedures

The ACL-injured participants reported for testing on 2
occasions: preoperatively (mean days postinjury ¼ 68.6,
range ¼ 15–311) and upon clearance for return to activity
postoperatively (mean days after surgery ¼ 212.5, range ¼
157–220). Control participants reported for testing on 1
occasion only. One examiner (A.C.T.) performed all
strength assessments. Concentric strength was assessed
bilaterally for each muscle group on an isokinetic
dynamometer (Biodex System 3; Biodex Medical Systems,
Shirley, NY) and was recorded using a custom-written
Labview program (version 8.5; National Instruments
Corporation, Austin, TX). Strength was tested at 608/s,
which is a common angular velocity for assessing strength
before and after ACL reconstruction.8,10,11,19 Three maxi-
mal voluntary concentric contractions were performed for
each muscle group tested. The peak value over those 3
repetitions was normalized to participant body mass (kg)
and used to quantify strength (Nm/kg). Spoken encourage-
ment was provided throughout testing to help elicit each
participant’s maximal effort. Testing order (limb and
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muscle group) was counterbalanced before participant
enrollment.

Hip Strength. For all hip-strength measurements, the
mechanical axis of the dynamometer was aligned with the
greater trochanter of the limb being tested, and the distal
femur was strapped to the arm of the dynamometer.
Specifically, for assessment of hip-flexor and -extensor
strength, participants stood facing away from the back of
the dynamometer chair (Figure 1).20 For assessment of hip
abduction and adduction, participants were positioned side
lying on the dynamometer chair with the hip in a neutral
position (Figure 2). Participants were instructed to keep the
trunk as still as possible, and they were instructed to abduct
or adduct the hip and not to rotate, flex, or extend it. The
full available range of motion was used for strength
assessment for both muscle groups during testing.

Knee Strength. For knee flexion and extension,
participants were seated on the dynamometer chair with
the hip flexed to 858.2 The mechanical axis of the
dynamometer was aligned with the lateral aspect of the
knee-joint center of the limb being tested, and the distal
shank was strapped to the arm of the dynamometer (Figure
3). A stabilization strap was placed over the pelvis.
Participants were instructed to move the knee from 08 to
1008 of flexion during testing.2 If participants lacked full
extension, they were instructed to move through the full
available range of motion during testing.

Ankle Strength. Ankle–plantar-flexor and -dorsiflexor
strength were assessed with participants positioned supine
on the dynamometer chair with the knee flexed to
approximately 158 (Figure 4).21 This position was chosen
to avoid discomfort at full knee extension but still to target
the gastrocnemius muscle as much as possible. The
mechanical axis of the dynamometer was aligned with the
lateral malleolus of the limb being tested, and the foot was
strapped to the foot-plate attachment of the dynamometer.
The full available range of motion was used for strength
assessment.

Statistical Analyses

The dependent variables used for analysis were strength
(Nm/kg) of each muscle group (hip flexors and extensors
and hip abductors and adductors, knee flexors and

Figure 1. Participant positioning for hip-flexor and -extensor
strength testing.

Figure 2. Participant positioning for hip-abductor and -adductor
strength testing.

Figure 3. Participant positioning for knee-flexor and -extensor
strength testing.
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extensors, ankle plantar flexors and dorsiflexors). The
independent variables were limb (injured and uninjured for
the ACL-injured group and test and contralateral [randomly
determined] for the control participants), group (ACL
injured, control), and time (preoperatively, postoperative-
ly). We used 2 3 2 repeated-measures analyses of variance
(ANOVAs) to examine the dependent variables in the
ACL-injured group between limbs and over time. In
addition, limb 3 group ANOVAs were performed to
compare the dependent variables between the ACL-injured
and control groups. Separate limb 3 group analyses were
performed for the preoperative and postoperative time
points because the control participants were tested at only a
single time point. The a level was set a priori at equal to or
less than .05. Sidak multiple-comparisons procedures and
paired t tests were used for all post hoc analyses. Effect
sizes and their associated confidence intervals were
calculated in Excel 2007 (Microsoft Corporation, Red-
mond, WA) using the Cohen d.22 For all other analyses,
SPSS (version 17.0; IBM Corporation, Armonk, NY) was
used.

RESULTS

Hip Strength

ACL-Injured Group Only. When both limbs were
considered together, the hip-extensor (percentage
difference ¼ 19.7, F1,14 ¼ 7.28, P ¼ .02) and -adductor
(percentage difference¼ 16.3, F1,14¼ 6.15, P¼ .03) muscle
groups were stronger postoperatively than preoperatively.
No differences in hip-flexor (F1,14 ¼ 3.211, P ¼ .10) or
-abductor (F1,14 ¼ 1.93, P ¼ .19) strength were found.
Furthermore, hip-muscle strength was not different between
limbs regardless of time (flexors: F1,14 ¼ 1.23, P ¼ .29;
extensors: F1,14¼0.20, P¼ .66; abductors: F1,14¼1.44, P¼
.25; adductors: F1,14 ¼ 0.80, P ¼ .39). When limbs were
compared across time for the ACL-injured group, no
differences were revealed (flexors: F1,14 ¼ 0.66, P ¼ .43;
extensors: F1,14¼1.15, P¼ .30; abductors: F1,14¼0.02, P¼
.88; adductors: F1,14 ¼ 2.40, P ¼ .14) (Figure 5A through
D).

ACL-Injured Versus Control Group. No limb 3 group
interactions were present for any hip muscle group
preoperatively (flexors: F1,28 ¼ 2.20, P ¼ .15; extensors:
F1,28 ¼ 1.77, P ¼ .19; abductors: F1,28 ¼ 1.11, P ¼ .30;
adductors: F1,28¼1.14, P¼ .29) or postoperatively (flexors:
F1,28 ¼ 0.85, P ¼ .37; extensors: F1,28 ¼ 0.18, P ¼ .68;
abductors: F1,28¼ 2.84, P¼ .10; adductors: F1,28¼ 0.08, P
¼ .77). Preoperatively, hip strength was not different
between groups when both limbs were considered
together (flexors: F1,28 ¼ 2.60, P ¼ .12; extensors: F1,28 ¼
0.08, P ¼ .78; abductors: F1,28 ¼ 0.83, P ¼ .37; adductors:
F1,28 ¼ 1.10, P ¼ .30); however, postoperatively, hip-
adductor strength was greater in participants with ACL
reconstruction than in control participants (percentage
difference ¼ 29.0, F1,28 ¼ 10.66, P ¼ .003). No other
postoperative strength differences presented between
groups (flexors: F1,28 ¼ 0.03, P ¼ .87; extensors: F1,28 ¼
2.04, P¼ .17; abductors: F1,28¼0.01, P¼ .91). Hip strength
also was not different between limbs preoperatively
(flexors: F1,28 ¼ 0.01, P ¼ .95; extensors: F1,28 , 0.001,
P¼ .99; abductors: F1,28 , 0.001, P¼ .99; adductors: F1,28

¼ 1.96, P¼ .17) or postoperatively (flexors: F1,28¼ 0.44, P
¼ .51; extensors: F1,28 ¼ 1.07, P ¼ .31; abductors: F1,28 ¼
0.03, P ¼ .87; adductors: F1,28 ¼ 0.01, P ¼ .92).

Knee Strength

ACL-Injured Group. We found a time 3 limb
interaction for the knee flexors (F1,14 ¼ 10.27, P ¼ .006)
but not for the extensors (F1,14¼ 0.04, P¼ .84) (Figure 6A
and B). Post hoc testing revealed that knee-flexor strength
was less preoperatively than postoperatively in the injured
limb (percentage difference¼ 25.3, t14¼�4.65, P , .001)
but not the uninjured limb (t14 ¼ �0.45, P ¼ .66). In
addition, the injured limb was weaker than the uninjured
limb preoperatively (percentage difference ¼ 30.6, t14 ¼
�6.05, P , .001) and postoperatively (percentage
difference¼ 10.6, t14¼�3.24, P ¼ .006).

ACL-Injured Versus Control Group. We found limb 3
group interactions preoperatively and postoperatively for
both the knee extensors (preoperative: F1,28 ¼ 13.16, P ¼
.001; postoperative: F1,28 ¼ 12.18, P ¼ .002) and knee
flexors (preoperative: F1,28 ¼ 31.22, P , .001; post-
operative: F1,28 ¼ 8.49, P ¼ .007). For preoperative knee-
extensor strength, the post hoc analyses revealed greater
weakness in the injured than the test limb (percentage
difference¼ 32.0, t28¼�2.84, P¼ .008) but no difference
between the uninjured and contralateral limbs (t28¼ 1.52, P
¼ .14). Furthermore, knee-extensor strength in the injured
limb was less than that in the uninjured limb (percentage
difference ¼ 34.6, t14 ¼ �4.59, P , .001). Control
participants did not demonstrate knee-extensor strength
differences between limbs (t14 ¼ 0.67, P ¼ .52). Post hoc
analyses for preoperative knee-flexor strength similarly
revealed greater weakness in the injured limb of the ACL-
injured group than the test limb of the control group
(percentage difference¼ 24.0, t28¼�2.44, P¼ .02) but no
difference between the uninjured limb of the ACL-injured
group and the contralateral limb of the control group (t28¼
1.64, P ¼ .11). Control participants did not demonstrate
knee-flexor strength differences between limbs (t14¼ 0.70,
P ¼ .50).

Figure 4. Participant positioning for ankle–plantar-flexor and
-dorsiflexor strength testing.
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For postoperative knee-extensor strength, post hoc
analyses demonstrated that the uninjured limb of partici-
pants in the ACL-injured group was stronger than the
contralateral limb of control participants (percentage
difference ¼ 27.5, t28 ¼ 2.50, P ¼ .02). We found no
differences between strength in the injured and test limbs
(t28¼�1.79, P¼ .08). Furthermore, knee-extensor strength
was less in the injured than in the uninjured limb
(percentage difference ¼ 32.6, t14 ¼ �4.23, P ¼ .001) of
the ACL-injured group. Postoperatively, the knee flexors

similarly demonstrated greater strength in the uninjured
than the contralateral limb (percentage difference ¼ 18.0,
t28¼ 2.30, P¼ .03) but no differences between the injured
and test limbs (t28¼ 0.57, P ¼ .58).

Ankle Strength

ACL-Injured Group. We found a limb 3 time
interaction for the ankle plantar flexors (F1,14 ¼ 9.09, P ¼
.009) but not the dorsiflexors (F1,14¼ 0.37, P¼ .55) (Figure

Figure 5. Hip-flexor, A, -extensor, B, -abductor, C, and -adductor, D, strength data for participants with anterior cruciate ligament (ACL)
injury and control participants. Data are means 6 SDs. a Indicates main effect for time. b Indicates strength differences between the ACL-
injured and control participants.
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7A and B). Post hoc analyses revealed that the plantar
flexors of the injured limb were weaker preoperatively than
postoperatively (percentage difference¼ 31.9, t14¼�3.20,
P ¼ .006), but no differences were noted for the uninjured
limb between the preoperative and postoperative time
points (t14 ¼�0.80, P ¼ .44). Furthermore, we found no
differences between limbs for plantar-flexor strength
preoperatively (t14 ¼ �2.06, P ¼ .06) or postoperatively
(t14 ¼ 1.95, P ¼ .07).

ACL-Injured Versus Control Group. We found no
limb 3 group interactions preoperatively (plantar flexors:
F1,28¼ 3.00, P¼ .09; dorsiflexors: F1,28¼ 0.41, P¼ .53) or
postoperatively (plantar flexors: F1,28 ¼ 0.68, P ¼ .42;
dorsiflexors: F1,28¼ 0.02, P¼ .89) for either muscle group.
Furthermore, we found no strength differences between
groups preoperatively (plantar flexors: F1,28¼0.60, P¼ .45;
dorsiflexors: F1,28 ¼ 0.23, P ¼ .66) or postoperatively
(plantar flexors: F1,28¼ 0.58, P¼ .45; dorsiflexors: F1,28¼
0.01, P ¼ .92). Finally, no strength differences were
detected between limbs for either muscle group
preoperatively (plantar flexors: F1,28 ¼ 1.14, P ¼ .30;

dorsiflexors: F1,28 ¼ 0.01, P ¼ .92) or postoperatively
(plantar flexors: F1,28¼ 2.39, P¼ .13; dorsiflexors: F1,28¼
0.33, P ¼ .57).

DISCUSSION

Quadriceps and hamstrings weakness are prevalent after
ACL injury and subsequent reconstruction. Although
clinical observation has suggested weakness also arises in
the musculature crossing the hip and ankle joints, few data
are available to confirm this contention.8,13 Given that
lower extremity muscle weakness may influence dynamic
lower extremity control, determining which muscles are
weak is imperative so that rehabilitation strategies can be
used to target the affected tissues. We sought to confirm
and quantify the presence of lower extremity muscle
weakness after ACL injury and reconstruction.

Hip Strength

We hypothesized that after ACL injury and reconstruc-
tion, weakness would present in the hip flexors and

Figure 6. Knee-flexor, A, and -extensor, B, strength data for participants with anterior cruciate ligament (ACL) injury and control
participants. Data are means 6 SDs. a Indicates main effect for time. b Indicates strength differences between the ACL-injured and control
participants. c Indicates main effect for limb.
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extensors. The absence of greater hip-flexor weakness in
the injured than the uninjured limb of the ACL-injured
group disagreed with the findings of Karanikas et al,8 who
suggested that hip-flexor weakness presents up to 1 year
after ACL reconstruction. Differences in strength-assess-
ment technique may contribute to discrepancies between
our findings and those reported previously. Karanikas et al8

tested participants in the supine position, whereas we tested
our participants in standing position; however, both
positions allowed for similar stabilization of the trunk. In
addition, they did not normalize hip-flexor strength values
to participant body mass8; doing so may eliminate side-to-
side differences in hip-flexor strength. However, future
research seems necessary to clarify the role of ACL
reconstruction in hip-flexor strength. The ACL-injured
group did not demonstrate hip-extensor strength differences
between limbs over time. The ACL-injured group also
demonstrated hip-extensor strength that was similar to that
of healthy individuals before and after surgical repair.
Furthermore, when the injured and uninjured limbs were
considered together, hip-extensor strength was greater
postoperatively than preoperatively, which may be because
of postoperative rehabilitation. Collectively, these results
suggest that hip-extensor strength is not affected by the
injury and reconstruction processes. This finding agrees
with previous findings indicating no postoperative differ-
ences in hip-extensor strength between limbs8,13 or when
compared with the limbs of healthy individuals.13

Our participants did not demonstrate hip-abductor
weakness, which was unexpected. Previous research in
animal models has indicated that the rectus femoris sends

heteronymous neural projections to its hip synergists (ie,
sartorius).23 Muscles connected heteronymously may pro-
ject impairments onto one another, suggesting that strength
impairments within the rectus femoris could yield similar
impairments within the hip abductors. When examining
hip-abductor strength after knee surgery, Jaramillo et al12

indicated weakness within this muscle group; however,
they tested strength in the immediate postoperative period,
and testing was not limited to those receiving ACL
reconstruction, making direct comparisons difficult. None-
theless, our results seem to suggest that neither ACL injury
nor surgical reconstruction negatively influences strength
within the hip-abductor muscle group.

Our participants did not demonstrate postoperative hip-
adductor weakness and actually presented with greater
postoperative strength when the injured and uninjured
limbs were considered together. The finding of the absence
of hip-adductor weakness disagrees with the results of
Hiemstra et al,13 who noted hip-adductor strength deficits
after ACL reconstruction with semitendinosus-gracilis
autograft. Donor site morbidity likely explains the hip-
adductor–muscle weakness in that study and likely also
accounts for the difference between our results and those of
Hiemstra et al.13

Knee Strength

In accordance with previous findings,3,19 the ACL-injured
group demonstrated differences between preoperative and
postoperative knee-extensor and -flexor strength. Further-
more, the ACL-injured group demonstrated bilateral

Figure 7. Ankle–plantar-flexor, A, and -dorsiflexor, B, strength data for participants with anterior cruciate ligament (ACL) injury and
control participants. Data are means 6 SDs. a Indicates main effect for time.
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differences in knee-extensor and -flexor strength. Specifi-
cally, when compared with the uninjured limb, the injured
leg displayed strength deficits of 33% in the knee extensors
and 10% in the knee flexors. Previously reported knee-
extensor and -flexor strength deficits vary, ranging from 5%
to 40%2–10 and 9% to 27%,2,3,5,8,9,11 respectively. The
presence of greater knee-extensor and -flexor weakness in
the injured than in the uninjured limb in our participants
seems to confirm that current rehabilitation strategies do not
fully restore strength by the time that individuals return to
activity. Traditional rehabilitation often dictates that
individuals are discharged from supervised care between
3 and 4 months after surgery, but our participants received
postoperative rehabilitation for an average of 7 months.
This longer rehabilitation does not appear to be sufficient
time to restore flexor strength. Perhaps longer postoperative
rehabilitation programs are necessary to restore strength
before an individual returns to activity. Furthermore,
return-to-participation decisions may need to include
isokinetic knee-extensor and -flexor strength assessments,
because the deficits that our participants displayed seem to
be quite large for individuals returning to demanding
activity.

Rehabilitation beyond 3 to 4 months after surgery may be
beneficial, but until the cause of these deficits is known,
effectively countering them will be difficult even with
extended rehabilitation. Factors such as knee-extensor
central activation failure,24 atrophy,25 detraining,5 and
incomplete rehabilitation5 have been suggested to contrib-
ute to persistent knee-extensor and -flexor weakness after
postreconstruction ACL rehabilitation. Data from experi-
mental effusion models and from patients with ACL injury
suggest that knee joint trauma may contribute to ongoing
weakness.26–28 This arthrogenic muscle inhibition results in
the inability to completely contract affected muscles
because inhibitory signals are transmitted to the muscle’s
a-motoneuron pool.29 After ACL injury, the inhibitory
stimulus may originate from joint pain,30 damage,31 and
effusion.31

As the knee extensors and flexors cross the knee joint,
weakness within these muscles may directly alter
tibiofemoral biomechanics, possibly contributing to joint
degeneration. In fact, knee-extensor weakness is suggest-
ed to limit its ability to absorb energy on weight bearing,
which precipitates increased articular cartilage loading
and thus may yield joint degeneration.32 Furthermore,
knee-flexor strength deficits that are present when
individuals return to full activity also may be hazardous
because the knee flexors restrain anterior tibial translation,
a known contributor to ACL injury.33 Given these
potentially hazardous consequences of knee-extensor and
-flexor weakness, countering the underlying cause of this
weakness seems imperative. Researchers studying the
removal of artificially induced knee-extensor muscle
inhibition have suggested that cryotherapy34 and transcu-
taneous electrical nerve stimulation34 may be useful
adjuncts to traditional rehabilitation. Furthermore, the
use of neuromuscular electrical nerve stimulation has been
explored,35,36 but the duration of strength benefits from
this treatment remains unknown. Future research into the
benefits of each of these treatments within postoperative
ACL rehabilitation seems warranted.

The ACL-injured participants had weaker knee extensors
and flexors in the injured limb preoperatively than the
control group. We also found a trend toward differences in
postoperative knee-extensor strength (P ¼ .08, Cohen d ¼
0.69), indicating knee-extensor weakness in this group may
not be sufficiently countered postoperatively when com-
pared with healthy individuals. The results of previous
studies in which strength was compared in healthy
individuals and those who had undergone ACL reconstruc-
tion are conflicting. Konishi and Fukubayashi11 did not
establish a difference in knee-flexor torque per unit volume
between the injured limb 12 months after ACL reconstruc-
tion and the control participants. However, Hiemstra et al5

demonstrated differences in knee-extensor and knee-flexor
strength between individuals at an average of 40 months
after ACL reconstruction and control participants. The
reason for the discrepancies in these findings is unclear, but
differences in normalization method (ie, normalizing
strength to body mass versus muscle volume), time since
reconstruction, and graft type may play roles. The
conflicting results suggest the need for future research to
clarify the relationship between strength in individuals with
ACL reconstruction and strength in healthy people.

Ankle Strength

The ACL-injured group demonstrated greater ankle–
plantar-flexor weakness in the injured limb preoperatively
than postoperatively and a trend toward greater weakness in
the injured than in the uninjured limb preoperatively (P ¼
.06; Cohen d ¼ 0.31). Recently, Karanikas et al8 reported
that ankle–plantar-flexor strength was not influenced at any
postoperative time point assessed in their study (3–6, 6–9,
or 9–12 months postoperatively), suggesting that the
restoration of plantar-flexor strength may occur early
during rehabilitation. The postoperative improvement in
ankle–plantar-flexor strength in our participants agrees with
these findings. With the gastrocnemius crossing the knee
joint, the preoperative plantar-flexor weakness in our ACL-
injured participants may have been a direct consequence of
the ACL injury. In addition, the gastrocnemius is connected
neurally to the quadriceps,37,38 and altered strength and
neuromuscular activity within the quadriceps after ACL
injury could potentiate gastrocnemius weakness.37,38 Disuse
atrophy of the gastrocnemius may have contributed further
to the preoperative weakness demonstrated by our partic-
ipants.

Limitations

Our study is not without limitations. Specifically, the
range of time that elapsed between ACL injury and
preoperative testing was large (15–311 days). In partici-
pants tested earlier after injury, pain and swelling may have
influenced strength outcomes, whereas participants tested
later after surgery may not have been affected by these
symptoms. Furthermore, reliability data were not available
for our strength measures. However, all strength assess-
ments (preoperative, postoperative, control) were per-
formed by 1 examiner using standardized procedures to
minimize variability during testing. Similar procedures
have yielded high reliability.39

An additional limitation is that we tested control
participants on only 1 occasion, so we cannot be certain
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that changes in strength were not due to repeat testing.
However, we believed including a control group was
important because we could not guarantee that the
uninjured limb was not affected by the ACL injury and
reconstruction processes. The ACL-injured group demon-
strated greater strength in the uninjured limb than was seen
in the contralateral limb in the control group postopera-
tively. This difference was not present preoperatively,
suggesting that rehabilitation influenced uninjured limb
strength. Strength in the uninjured limb changing preoper-
atively to postoperatively provides a moving target by
which to track strength of the injured limb over time. Thus,
a more accurate determination of strength gains over time
may be made by comparing people with ACL injury and
healthy individuals. However, in future studies, researchers
also would benefit from including bilateral data on injured
individuals to lend insight into strength asymmetries after
injury or reconstruction.

CONCLUSIONS

Quadriceps and hamstrings weakness in the injured limb
persisted when individuals returned to activity after ACL
reconstruction. Given that these muscles directly contribute
to safe lower extremity dynamic stability when individuals
return to full activity after injury, determining the precise
cause of and developing more effective strategies to counter
this weakness appears vital. In addition, ankle–plantar-
flexor weakness presented in the injured limb preopera-
tively, but current rehabilitation strategies seemed to
effectively counter this weakness after ACL reconstruction.
Finally, the hip extensors and adductors were stronger
postoperatively, suggesting that current rehabilitation
strategies allow for postoperative strength gains within
these muscle groups.
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