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Abstract

Purpose The aims of this study were to evaluate the
functional recovery before and after ACL reconstruction
and to evaluate the sensitivity to change in performance-
based and self-reported outcomes prior to and after ACL
reconstruction and to determine whether these changes
represent clinically relevant improvement.

Methods Eighty-three athletes participated in this study.
Athletes were tested after an ACL injury, after preoperative
training, and 6 and 12 months after ACL reconstruction.
Athletes completed quadriceps strength testing, hop test-
ing, and self-reported questionnaires for knee function
(International Knee Documentation Committee subjective
knee form, Knee Outcome Survey-Activities of Daily
Living Scale, and the Global Rating Scale of Perceived
Function) at each testing period.

Results A significant interaction of limb by time was seen
in normalized quadriceps strength, and single, triple, and
6-m timed hop, where the involved limb improved more
than the uninvolved limb over time. A main effect of time
was noted for performance-based limb symmetry indexes
and self-reported measures.
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Conclusion Limb-to-limb asymmetries are reduced, and
normal limb symmetry is restored after perturbation train-
ing and aggressive quadriceps strengthening and returned
to similar levels 6 months after reconstruction. Perfor-
mance-based values on the involved limb and self-reported
outcomes are sensitive to change over time, and these were
clinically relevant improvements.

Level of evidence Prognostic study, Level II.
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Introduction

The anterior cruciate ligament is the most frequently
injured ligament in the knee, [33] with upward of 250,000
injuries annually in the United States [21]. The current
standard of care advocated by the majority of orthopaedic
surgeons for young, active individuals after ACL injury is
early reconstruction [13, 36]. Athletes are frequently
counseled to undergo ACL reconstruction with the expec-
tation of normal knee function and a successful return to
their previous levels of activity [6, 36]. Not all patients who
have surgical reconstruction of the ACL return to previous
levels of activity or exhibit normal knee function [3, 7, 13,
36]. Many individuals may continue to exhibit impaired
functional performance with knee instability and pain,
reduced range of motion, quadriceps strength deficits,
reduced functional performance, neuromuscular dysfunc-
tion, and biomechanical maladaptations that may account
for the highly variable outcomes [11, 12, 23, 30, 40].
Few prospective or longitudinal studies have evaluated
the pattern of functional recovery prior to and after ACL
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reconstruction [12, 30, 47]. The restoration of limb sym-
metry appears to be a vital component in the functional
recovery after ACL reconstruction [23, 38, 51]. Attainment
of high limb symmetry may reduce asymmetrical ligament,
soft tissue loading [38, 51], and risk of further injury
[44, 51], and contribute to walking and jogging patterns
similar to uninjured subjects [32]. Additionally, varying
standards in limb symmetry indexes have previously been
suggested as the milestone for determining normal limb
symmetry [19, 23, 42].

The sensitivity to change in performance-based and self-
reported outcomes may provide insight in detecting when a
meaningful change has occurred over time and providing
clinical guidance regarding functional recovery after ACL
reconstruction. Patients with an ACL injury improve with
treatment prior to and after ACL reconstruction [12, 23, 30,
37, 47]. Quadriceps strength and hop performance are
sensitive to changes over time [48, 49], but clinically rel-
evant change has not been reported. While studies have
investigated the rate of change in quadriceps strength and
hop performance prior to and after ACL reconstruction,
little is known whether these changes represent clinically
relevant improvements.

Therefore, the purpose of this study was to examine the
pattern of functional recovery prior to and after ACL
reconstruction up to 12 months after surgery. The aims of
this study were (1) to identify at what time period the
involved limb is symmetrical with the uninvolved limb in
quadriceps strength and hop performance, (2) to analyze
the changes in quadriceps strength, hop performance, and
self-reported outcomes at different intervals, and (3) to
determine whether these changes represent clinically rele-
vant improvement. We hypothesized that involved limb
performance would be symmetrical with the uninvolved
limb performance in quadriceps strength and hop perfor-
mance by 12 months after ACL reconstruction. In addition,
we hypothesized that involved limb performance and self-
reported measures would improve from baseline testing to
12 months after ACL reconstruction.

Materials and methods

One hundred and two subjects who sustained a unilateral
ACL rupture were recruited for a prospective longitudinal
observational study between 2005 and 2010. All subjects
participated regularly (>50 h/year) in Level I or II
activities [11]. All subjects were between the ages of 15
and 53. Subjects were excluded for participation in this
study if they had concomitant ligamentous injury, bilateral
lower limb involvement, repairable meniscal damage, or
full-thickness articular cartilage damage greater than
1 cm®. Complete ACL rupture was identified by greater
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than 3 mm side-to-side difference in anterior tibial trans-
lation [11] with maximum pull with a KT-2000 arthrom-
eter (MedMetrics, San Diego, CA) and confirmed by
magnetic resonance imaging. Maximum manual pull with
KT arthrometer exhibits high sensitivity and specificity in
discriminating normal knees from abnormal knees [4].
The study was approved by the University of Delaware
Institutional Human Subjects Review Board (165436-1),
and each subject gave informed consent. The flow dia-
gram for subject participation for this study is illustrated
in Fig. 1.

Testing

All patients had an initial physical therapy evaluation to
determine the level of physical impairments after ACL
injury. Subjects who presented with knee effusion greater
than trace effusion [53], limitations in knee range of
motion, quadriceps side-to-side strength differences less
than 70%, or who were unable to hop up and down on the
involved limb without pain while wearing a functional
knee brace underwent pre-baseline testing rehabilitation to
address these physical impairments. Once these impair-
ments were resolved, subjects were permitted to perform
functional testing. Functional testing is a battery of tests
that consists of quadriceps strength testing, single limb hop
testing, and self-reported questionnaires. Subjects com-
pleted the functional testing at baseline (Baseline), after
perturbation training (prior to surgery) (Post-perturbation),
and 6 (6 M ACLR) and 12 months after ACL reconstruc-
tion (12 M ACLR).

Quadriceps strength

Quadriceps strength testing consisted of maximal volun-
tary isometric contraction (MVIC) of the quadriceps with
burst superimposition technique [52]. This method was
been shown to have high reliability with intraclass coef-
ficients (ICC, ;) of 0.97-0.98 [9]. Patients performed an
MVIC with a burst superimposition stimulation delivered
to the quadriceps to determine patients’ ability to fully
activate the quadriceps muscles. Verbal encouragement
from the therapist and visual feedback from the dyna-
mometer’s real-time visual display were used to help
facilitate maximal effort. If the subject was unable to
achieve 95% muscle activation during the burst superim-
position technique, the test was repeated until 95% muscle
activation was achieved or the subject became fatigued (up
to 2 more MVICs). Quadriceps force was normalized to
body mass index (N/BMI). Quadriceps strength index was
calculated by dividing the involved quadriceps force by the
uninvolved quadriceps force and expressing the result as a
percentage.
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Fig. 1 Flow diagram for
subject involvement

Enrolled (n = 102)

Non-operative care (n = 14)
Partial tear (n =1)

Transferred to another study (n = 1)

Bascline testing (n =83)

Lost to follow-up (n = 3)

Missed visit (n = 3)

Surgery prior to testing (n =2)

Post-perturbation testing (n = 78)

Missed visit (n=T7)

Moved (n=2)
Pregnant (n=1)

6M ACLR testing (n=73)

Missed visit (n = 15)

Moved (n=2)
Injured (n=1)

12M ACLR testing (n = 65)

All 83 in mixed model analysis

Single limb hop testing

Single limb hop testing was conducted using the four hop
tests described by Noyes et al. [42] while wearing a
functional knee brace. The hop testing was administered in
the following order: single, crossover, triple, and 6-m timed
hop. These hop tests are valid and reliable [45, 50]. Reid
et al. [45] showed ICC,; for limb symmetry limb indexes
in patients after ACL reconstruction ranged from 0.82 to
0.92. Minimum detectable change (MDC) at 90% confi-
dence level ranged from 7.05 to 12.96% [45]. Hop limb
symmetry index (LSI) was expressed as a percentage of the
averaged involved limb hop distances divided by the
averaged uninvolved limb hop distances for each hop dis-
tance test or as a percentage of the averaged uninvolved
limb hop times divided by the averaged involved limb hop
times for 6-m timed hop.

Self-reported questionnaires
Patients completed three self-reported questionnaires:

Knee Outcome Survey-Activities of Daily Living Scale
(KOS-ADLS) [29], the International Knee Documentation

Committee 2000 Subjective Knee Form (IKDC2000) [27,
28], and the Global Rating Scale of Perceived Function
(GRS). The KOS-ADLS is a patient-reported measure of
functional limitations and impairments of the knee during
activities of daily living [29]. The test-retest ICC,; was
0.97, and the MDC at 95% confidence level was 8.87. The
IKDC2000 is a joint-specific outcome measure for
assessing symptoms, function, and sports activity pertinent
to a variety of knee conditions [27]. The IKDC2000 has
been demonstrated to contain items regarding symptoms
and disabilities important to patients with an ACL tear
[54]. The IKDC2000 is a valid and reliable self-reported
outcome measure [24, 27]. Irrgang et al. [28] demonstrated
the responsiveness of the IKDC2000 and a score of 11.5
are necessary to distinguish between those who have
improved and those who have not improved. The GRS is a
question that asks patients to rate their current knee func-
tion on a scale from 0 to 100, with O being the inability to
perform any activity and 100 being your level of knee
function prior to your injury, including sports. Hopper et al.
[25] reported the test—retest ICC5; for the analogue GRS
was 0.96, which corresponds to an MDC at 95% confidence
level of 6.49.
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Preoperative rehabilitation

Subjects participated in preoperative rehabilitation after the
baseline testing [15, 18]. Preoperative rehabilitation con-
sisted of progressive exercise training program in order to
restore muscle strength and appropriate neuromuscular
responses. This exercise program emphasized specialized
perturbation training augmented with aggressive quadri-
ceps strength training. Perturbation training consists of the
manipulation of support surfaces directed by physical
therapists in order to alter forces and torques in multiple
planes in a systematic progression [18]. The three tech-
niques used are the roller board with stationary platform,
the roller board, and the rocker board with the objective to
either resist the force or to reestablish a balance posture
after the perturbation was applied by the therapist. Pro-
gression of perturbations was individualized depending
upon the subject’s ability to apply appropriate directional
and counter-resistive forces, selective muscle activation
patterns, and reductions in loss of balance. Quadriceps
strength training involved the use of high intensity-low
repetition non-weight bearing and weight bearing resisted
quadriceps strengthening exercises. Quadriceps strength-
ening was augmented with neuromuscular electrical stim-
ulation (NMES) if subjects demonstrated a quadriceps
strength index of less than 80% [52].

Surgery and post-operative rehabilitation

The surgeon performed either a semitendinosus-gracilis
autograft or soft tissue allograft ACL reconstruction. After
surgery, the ACL rehabilitation guidelines were followed
for all patients [34]. Subjects were systematically pro-
gressed through the rehabilitation process based on the
clinical milestones outlined in the guidelines. Post-opera-
tive rehabilitation guidelines emphasized impairment res-
olution, aggressive quadriceps strengthening (augmented
with NMES if needed), and neuromuscular training [34].
Patients’ progress was monitored using effusion grading
and soreness rules [16, 34]. At 8 weeks, if subjects meet
the clinical milestones, they received instruction and edu-
cation on a progressive home exercise prescription con-
sisting of lower extremity strengthening and a walk/jog
program [34]. Subjects had to pass predetermined return to
sport (RTS) criteria [17, 18] in order to be cleared to
progressively return to their sports activities.

Statistical analysis
Frequency counts were used to determine the number of
subjects who exhibited greater than 90% in self-reported

outcomes and limb symmetry index for quadriceps strength
and hop function at 6 and 12 months after reconstruction
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and to determine those who exhibit IKDC2000 scores
within or below normal ranges at 6 and 12 months after
reconstruction [22].

To describe the longitudinal outcomes, a mixed model
ANOVA with maximum likelihood estimation method was
chosen over a general linear model due to its ability to
handle missing data [20, 31]. A mixed model repeated
measures ANOVA was used to determine the interactions
between the limbs over time for quadriceps strength and
hop function. If an interaction was significant, post hoc
testing included comparisons of limbs at each time period
with 90% confidence intervals and the magnitude of the
differences between limbs with effect size calculations.
The sensitivity to change for involved limb quadriceps
strength and hop performance was evaluated over time
with a mixed model repeated measures ANOVA with
comparison between time intervals using 90% confidence
intervals and the magnitude of the differences with effect
size calculations [5]. A mixed model repeated measures
ANOVA determined the main effects of time for self-
reported questionnaires (KOS-ADLS, GRS, IKDC2000).
If the main effect is significant, post hoc testing compared
the time intervals with 90% confidence intervals and the
magnitude of the differences with effect size calculations.
Due to the variability in scores that can occur in clinical
outcomes research, confidence intervals of 90% were used
to detect important differences between limbs or changes
over time and to ensure that any differences or changes
found that might indicate the need for additional inter-
ventions were not excluded.

Results

One hundred and two athletes were recruited for this study.
Fourteen subjects chose to pursue non-operative care for
their ACL injury. Three subjects were lost to follow-up.
One subject did not have ACL surgery due to partial tear
identified upon arthroscopy. One subject was transferred to
another study. Eighty-three athletes’ data were available
for analysis. Table 1 below provides the subject demo-
graphic information. Figure 1 shows the reasons for the
missing data at each testing period. There were no differ-
ences at baseline testing between those who completed the
12-month follow-up (n = 65) and those who did not
complete the 12-month follow-up (n = 18), except for
baseline QI (P = 0.04) and GRS (P = 0.02). Those who
completed the 12-month follow-up had lower QI and GRS
compared with those who did not complete the follow-up.

For clinical measurements of quadriceps strength, the
involved limb performance was compared with the unin-
volved limb performance at each testing period and over
time. A significant interaction of limb by time was seen in



Knee Surg Sports Traumatol Arthrosc (2013) 21:859-868

863

Table 1 Subject demographics

Males (M), females (F) M: 55, F: 28
Pre-injury activity level Level I: 58,
level II: 25

Age (year) = SD 26.8 £ 11.2

Height (m) £ SD 1.7 £ 0.1

Weight (kg) + SD 78.1 £ 17.1

Body mass index £+ SD 257 £ 4.8

Time from injury to baseline 72+£74
(weeks) + SD

Time from injury to post-training 12.6 £ 83
(weeks) £+ SD

Time from surgery to 6 month 272 £33
s/p ACLR test (weeks) == SD

Time from surgery to 12 months 547 £ 49

s/p ACLR test (weeks) = SD

normalized MVIC (P = 0.02) (Fig. 2). Involved quadriceps
strength improved more than the uninvolved quadriceps
strength. Post hoc analysis demonstrated that the involved
quadriceps improved from baseline to 12 M ACLR (Effect
size (ES): 0.6), and the involved quadriceps was weaker
than the uninvolved quadriceps at baseline (ES: 0.6).

For the single, triple, and 6-m timed hop, a significant
limb by time interaction was noted (P < 0.007). The
involved single and triple hop distance and involved 6-m
hop time improved more than the uninvolved single and
triple hop distance and uninvolved 6-m hop time, respec-
tively (Fig. 2). Post hoc analysis demonstrated that these
three involved limb hop scores improved from baseline to
12 M ACLR (ES: 0.9-1.1). The involved limb hopped less
distance than the uninvolved limb at baseline for the single
and triple hops (ES: 0.7). For the 6-m timed hop, the
involved limb hopped slower at baseline than the unin-
volved limb (ES: 0.7). For the crossover hop for distance, a
main effect of time was noted (P < 0.001) (Fig. 2). Post
hoc analysis found that involved limb crossover hop scores
improved from baseline to 12 M ACLR (ES: 1.1). The
distances hopped at baseline testing were lower than at
post-perturbation testing (ES: 0.8).

For self-reported measures, the outcome scores were
evaluated over the testing periods. A main effect for time
was seen in KOS-ADLS, GRS, and IKDC2000 (<0.001;
Table 2). For the KOS-ADLS, scores at baseline testing
were lower than at post-perturbation testing and from post-
training testing to 6-m follow-up. For GRS, scores at
baseline testing were lower than at post-perturbation test-
ing and from post-perturbation to 6-month follow-up for
the GRS. For the IKDC2000, scores were lower at baseline
testing compared with post-perturbation testing and post-
perturbation to 6-month follow-up.

The percentage of athletes who achieved greater than
90% on self-reported outcome scores improved over time

from baseline to 12 months after ACL reconstruction
(Table 3). The percentage of subjects who achieved
IKDC2000 scores within and below normal ranges
improved from 6 months to 12 months after reconstruction
(Table 4). Main effects of time were seen in limb sym-
metry indexes for quadriceps strength and the 4 hop tests
(P < 0.04). All mean limb symmetry indexes except single
and triple hop limb symmetry indexes were greater than
90% at baseline testing but by the post-perturbation testing,
all indexes were greater than 90% (Table 5).

Discussion

The most important findings of this present study are that
limb-to-limb asymmetries are reduced, and limb symmetry
indexes are restored to greater than 90% after preoperative
perturbation training and aggressive quadriceps strength-
ening. The limb-to-limb differences and indexes return to
preoperative levels by 6 months after ACL reconstruction
and continue to improve 12 months after ACLR.

At baseline testing, about half of the patients had a
quadriceps and hop indexes less than 90%. Limb-to-limb
differences and low indexes in quadriceps strength are
pervasive after ACL injury [9] and can persist after ACL
reconstruction [43]. Deficits in hop performance are pres-
ent after ACL injury [15, 37] and can still be evident
months after ACL reconstruction. Limb asymmetries can
influence functional outcomes and gait after ACL recon-
struction [12, 14, 30, 32]. Therefore, the restoration of
symmetrical function between limbs remains an important
goal of ACL rehabilitation. Our results show that mean
limb symmetry indexes were greater than 90% after per-
turbation training and stayed above this threshold after
ACL reconstruction. Early restoration of quadriceps
strength can result in higher functional outcomes [12, 30].
Likewise, higher hop symmetry indexes can predict knee
function after ACL reconstruction [2, 37, 46]. However, at
6 months after ACL reconstruction, up to 23% of athletes
still did not exhibit normal limb symmetry for any one hop
test. This high number of individuals not having normal
limb symmetry is concerning, as most post-surgical reha-
bilitation guidelines enable individuals to return to sports-
specific activities between 4 and 6 months post-ACL
reconstruction [8, 36]. These deficits may be magnified in
sports-specific activities in a less controlled environ-
ment with opponents, resulting in suboptimal performance
and predisposing the ipsilateral or contralateral knee to
re-injury [39, 44, 51].

All limb symmetry indexes improved over time from
baseline to 1 year after ACL reconstruction but were not
sensitive to change between time intervals after ACL
reconstruction. Only the single hop symmetry index
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Fig. 2 Performance-based measures at 4 testing periods (Baseline, Post-perturbation, 6 M ACLR, and 12 M ACLR). a Quadriceps strength
(MVIC), b Single hop, ¢ Crossover hop, d Triple hop, e 6-m timed hop

Table 2 Self-reported outcomes at 4 testing periods (mean, (90% confidence interval))

Self-reported outcomes  Baseline Post-perturbation ES T1-T2 6 M ACLR ES T2-T3 12 M ACLR ES T3-T4
KOS-ADLS 86.0 (84.7,87.4) 92.1 (90.7,93.5) 1.3 97.1 (95.7,98.5) 1.0 98.2 (96.6,99.7) 0.2
GRS 76.2 (74.1, 78.3) 83.6 (81.5,85.8) 1.0 93.0 (90.8,95.2) 1.2 96.3 (93.9,98.6) 04
IKDC2000 68.0 (65.4,70.5) 73.0 (70.3,75.7) 0.6 88.6 (85.7,91.4) 1.6 93.9 (91.0,96.8) 0.5

improved greater than the minimal detectable change symmetry index was sensitive to change after reconstruc-
(8.09%) reported by Reid et al. [45]. The single, triple, and  tion. Our patients had high indexes at each time period, and
6-m timed hop indexes showed improvement between  less potential was available for detecting change and
baseline to preoperative perturbation training but no limb  clinical improvement based on limb symmetry indexes.

@ Springer



Knee Surg Sports Traumatol Arthrosc (2013) 21:859-868

865

Table 3 Percentage of athletes who achieved greater than 90% on limb symmetry indexes and self-reported scores

QI SHP LSI XHP LSI THP LSI TimHP LSI KOS-ADLS GRS
Baseline
<90% 53.0 45.8 46.5 524 33.8 57.3 75.6
>90% 47.0 54.2 53.5 47.6 66.2 42.7 244
Post-perturbation training
<90% 333 333 23.3 349 18.0 26.0 50.6
>90% 66.7 66.7 76.7 65.1 82.0 74.0 494
6 month post ACLR
<90% 274 22.9 21.4 18.6 18.6 1.4 15.3
>90% 72.6 77.1 78.6 81.4 81.4 98.6 84.7
12 month post ACLR
<90% 21.5 11.3 11.3 8.2 4.9 1.6 4.7
>90% 78.5 88.7 88.7 91.8 95.1 98.4 95.3

QI quadriceps index, SHP single hop, XHP crossover hop, THP triple hop, TimHP 6-m timed hop, LSI limb symmetry index

Table 4 Percentage of athletes with IKDC2000 scores within or less
than normal ranges

6 month post ACLR 12 month post ACLR

IKDC2000
Below normal ranges 25 13
Within normal ranges 75 87

Risberg et al. [48] found that the single hop, triple hop, and
stair hopple test were sensitive to change between 6 and
12 months after ACL reconstruction. However, the change
for the triple hop of 3.5% was much less than the minimal
detectable change of 10.02% and, therefore, may not be
clinically relevant [45, 48].

The involved limb performance-based measures increased
significantly over time from baseline to 12 months after
ACL reconstruction. Using the 90% confidence interval as a
method to make statistical inferences about the means, the
confidence intervals at 12 months after reconstruction fell
outside the confidence intervals at baseline testing, indicat-
ing that the means are different from one another. The
involved limb changes exceeded the clinically meaningful
change of 3 N/BMI for quadriceps strength [23] and the
minimal detectable changes for hop performance reported
by Ross et al. [50]. Along with the effect size to determine

the magnitude of the differences [41], these measures are
able to detect changes over time [15, 26] and are clinically
relevant improvements that were not evident when evalu-
ating limb symmetry indexes.

Self-reported outcomes increased significantly from
baseline to 6 months after reconstruction. The KOS-ADLS
and IKDC2000 outcome scores are responsive and capable
of detecting clinically relevant difference over time in
patients with ACL reconstruction [27, 28, 35]. We were not
surprised to see the KOS-ADLS show no improvement
after 6 months as this questionnaire pertains to activities of
daily living that most individuals should be able to perform
with little to no difficulty 6 months after surgery. The GRS
and IKDC2000 showed no improvement with small-to-
moderate effect sizes between 6 months and 12 months.
We had expected to see greater changes in IKDC2000 after
6 months. Many athletes are transitioning back to activities
that involve jumping, cutting, and pivoting which are rel-
evant questions on the IKDC2000. The lack of significant
improvement seen by the three self-reported outcomes may
be the result of a ceiling effect at 6 months as more than
15% of the patients achieved the maximum scores on each
of the self-reported outcomes. Others have reported no
ceiling effects in IKDC2000 scores in patients with various
knee pathologies [10, 27]. Their patients were substantially

Table 5 Limb symmetry indexes at 4 testing periods (mean, (90% CI))

Limb symmetry index

Baseline

Post-perturbation

6 M ACLR

12 M ACLR

Q 90.1 (87.9, 92.4)
SHP LSI 87.2 (84.4, 90.0)
XHP LSI 91.2 (88.5, 93.9)
THP LSI 87.1 (84.7, 89.4)
TimHP LSI 91.1 (89.1, 93.1)

93.9 (91.6, 96.3)
93.8 (90.9, 96.8)
95.4 (92.7, 98.0)
94.0 (91.7, 96.3)
96.3 (94.1, 98.4)

97.7 (95.3, 100.1)
94.1 (91.3, 96.9)
95.9 (93.8, 98.0)
95.4 (93.5, 97.2)
96.5 (94.5, 98.5)

98.5 (95.9, 101.0)
97.9 (94.82, 100.93)
97.3 (95.0, 99.6)
97.0 (95.0, 99.0)
98.5 (96.3, 100.6)
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older than our patients, had lower preoperative and post-
operative scores, and used 30% as the cutoff for ceiling
effects [10].

The largest changes between time intervals for the
performance-based measures occurred between baseline
testing and after post-perturbation training, whereas the
largest changes for the self-reported measured occurred
between post-perturbation training and 6 months after ACL
reconstruction. As the limb symmetry indexes and involved
limb performance-based measures at 6 months after sur-
gery were at similar levels as preoperative values, changes
in self-reported values were substantially higher. The dis-
crepancies in change scores just prior to surgery and
6 months after surgery may be the result of patients’ per-
ceived response to surgery and subsequent improvements
and not their perception of their knee function relative to
before surgery. Surgery is traumatic to the knee, resulting
in significant physical impairments, activity limitations,
and participation restrictions [49]. The largest extent of
quadriceps weakness and hop performance is evident in the
first months after reconstruction [1, 12]. Improvements in
limb symmetry indexes and self-reported outcomes can
occur from 3 months to 6 months after ACL reconstruction
[23, 26]. Further research should evaluate functional
recovery using performance-based and self-reported out-
comes throughout the rehabilitation process to capture
important clinical changes.

This study has some limitations. The results can only
be generalized to individuals who sustain an isolated
ACL injury or asymptomatic concomitant injuries and
should not be generalized to individuals with symptom-
atic or complex concomitant injuries. This study was
observational and did not include a comparison group.
Our patients were all Level I and II active individuals
[15, 18], and the results of this study should not be
generalized to individuals involved in less demanding
activities. Data were not collected at initial physical
therapy evaluations. Important clinical changes may have
been missed that occurred at time intervals other than the
ones we tested.

Conclusions

Limb-to-limb asymmetries are reduced, and normal limb
symmetry is restored after perturbation training and
aggressive quadriceps strengthening before surgery and
returns to similar levels 6 months after reconstruction.
Performance-based values on the involved limb and self-
reported outcomes are sensitive to change over time and
were clinically relevant improvements. The clinical rele-
vance of this work is normal limb symmetry can be
restored and functional recovery maximized for patients
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undergoing ACL reconstruction through a rehabilitation
program consisting of perturbation training and aggres-
sive quadriceps strength preoperatively and a systematic
criteria-based program post-operatively.
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