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Deficits in Contralateral Limb Strength Can
Overestimate Limb Symmetry Index After Anterior

Cruciate Ligament Reconstruction

Thomas E. Moran, M.D., Anthony J. Ignozzi, B.S., Zachary Burnett, M.D.,
Stephan Bodkin, Ph.D., Joseph M. Hart, Ph.D., and Brian C. Werner, M.D.
Purpose: To evaluate whether contralateral limb strength represents a dynamic, rather than static, data point after
anterior cruciate ligament reconstruction (ACL-R). Methods: Patients who underwent isolated ACL-R at a single
institution were identified. Patients completed an institutional Lower-Extremity Assessment Protocol (LEAP) testing
protocol at 6 and 9 months postoperatively. Extension strength and flexion strength of the ipsilateral and contralateral
limbs and limb symmetry index (LSI) were compared between the 6- and 9-month testing outcomes. Subgroup analysis
compared patients demonstrating less than or greater than 10% change in contralateral limb flexion and extension
strength between 6 and 9 months postoperatively. Results: A total of 144 subjects were included in this study. On
average, contralateral limb flexion and extension strength increased 2-4% between 6 and 9 months postoperatively.
However, the contralateral limb increased >10% from 6 to 9 months in extension and flexion strength in 35/144
(24.3%) and 55/144 (38.2%) of patients, respectively. The cohort with >10% change between 6 and 9 months had
significantly weaker contralateral extension and flexion strength at 6 months compared to the cohort that demonstrated
<10% change (extension: 2.00 vs 2.39; P < .001; flexion: 0.84 vs 1.08; P < .001), but similar ipsilateral limb perfor-
mance. Therefore, the >10% change cohort had a significantly greater LSI at 6 months compared to the <10% change
cohort (67.3% vs 59.4%; P ¼ .006). No demographic or operative factors correlated with which patients demonstrated
>10% flexion or extension strength changes of the contralateral limb. Conclusion: A large percentage of patients
demonstrate significant changes in their contralateral limb flexion and extension strength between 6 and 9 months
postoperatively that result from an initial contralateral limb strength deficit. This may limit the utility of the contralateral
limb as a control for comparison to the operative extremity during return to sport assessment.
Introduction
nterior cruciate ligament (ACL) reconstruction is
Aone of the most commonly performed orthopae-

dic knee surgeries, with an estimated 200,000-350,000
procedures being performed annually in the United
States.1e3 Given its prevalence, especially within the
athletic community, extensive research has been per-
formed examining the preoperative, intraoperative, and
postoperative factors that influence one’s ability to
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return to competitive athletics.1,4 Significant advances
in preoperative management, surgical technique, and
postoperative rehabilitation have led to improved out-
comes following surgery and greater ability to return to
sport after injury.1 There remains, however, a paucity
of literature clearly defining objective criteria and
formal guidelines about when athletes are able to re-
turn to sport without increasing their risk of graft
rupture.1,3,5e7 Most surgeons currently employ a
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multifactorial functional testing algorithm that includes
quantitative measurements designed at detecting
impairment in the operative limb that could place the
athlete at risk of reinjury.1,3,8,9 Although differences
exist between the exact criteria used, many surgeons
have adopted protocols that compare function and
quadriceps muscle strength between the operative ex-
tremity and the contralateral, uninjured leg.10e17

General guidelines based on studies examining knee
mechanics and reinjury rates have led to researchers
advocating that patients be cleared for return to sport
once quadriceps strength is at least 90% of the
contralateral, uninjured limb.10,12,14,15,18e20 While
considerable effort has been dedicated to examining the
impact of ACL injuries, subsequent reconstruction, and
postoperative recovery on strength and performance in
the injured leg,10,21e23 there remains a lack of under-
standing regarding whether strength and performance
are concomitantly affected in the contralateral, unin-
jured leg.
Some evidence suggests that strength deficits and

functional impairment of the contralateral, uninjured
leg occurs following ACL injury.24e26 Deconditioning
and central nervous system inhibition have been pro-
posed as possible etiologies for these findings, although
the occurrence of possible bilateral functional deficits is
not yet well understood.27,28 Given the emergence of
these findings and the contralateral, uninjured limb
presently being used as a control for rehabilitation
endpoint, further study is necessary to define these
effects and their progression over time in the post-
operative period. Bilateral functional deficits would
suggest less validity for the use of the contralateral limb
as a control in side-to-side limb strength and functional
performance comparisons in considering clearance to
return to sport. The purpose of this study was to eval-
uate whether contralateral limb strength represents a
dynamic, rather than static, data point after ACL-R.1

We hypothesized that contralateral limb strength and
functional testing represent a dynamic, rather than
static, data point for the evaluation of safety to return to
sport after ACL reconstruction.

Materials and Methods
This study was assessed and approved by the Insti-

tutional Review Board (IRB-HSR 173999) of the Health
Sciences Research of the University of Virginia prior to
data collection. Consecutive patients were evaluated for
inclusion in the study if they underwent ACL recon-
struction after an acute ACL tear at a single academic
institution by 6 fellowship-trained, orthopaedic sports
medicine surgeons between March 2013 and August
2018. Patients undergoing revision ACL-R or under-
going additional ligamentous reconstruction were
excluded. In all cases, primary ACL-R was performed
using arthroscopic assistance with either bone-patella
tendon-bone autograft, quadriceps autograft, or
hamstring autograft, using modern surgical technique
with independent femoral tunnel creation. Included
patients must have completed at least 2 postoperative
follow-up visits during which they completed the
Lower-Extremity Assessment Protocol (LEAP) testing to
provide sufficient data for evaluation of contralateral
limb strength over time. Follow-up LEAP testing was
scheduled and completed at w6 and 9 months post-
operatively for all included patients. LEAP testing
included objective functional outcome metrics that are
described in further detail in “LEAP Procedures”. LEAP
testing was conducted according to institutional stan-
dards by a group of 3 trained doctoral students (S.G.B.,
A.B., X.T.), and directly overseen by one of the authors
(J.M.H.). Patients were able to return to sport at 6
months only if the LSI were greater than 90% or based
on patient and sport-specific factors. Retrospective chart
review was performed to identify and record patient
demographic factors, including age, sex, BMI, and limb
dominance. Operative notes were evaluated to identify
various intraoperative factors, the specific ACL graft
type used, and any performance of concomitant
meniscectomy or meniscal repair procedures.

Lower Extremity Assessment Protocol (LEAP)
Procedures

Knee Strength During Flexion and Extension
Knee extension and flexion strength was measured

bilaterally using a Biodex Systems 4 multimode dyna-
mometer (Biodex Medical Systems, Shirley, NY) at a
speed of 90�/s. This testing was performed with iso-
kinetic and concentric movements. Testing was per-
formed on the contralateral limb and then followed by
the ipsilateral limb. Participants completed practice tri-
als on each limb for familiarization prior to measure-
ments being recorded. The participants provided
maximal effort through their full range of motion for a
total of 8 trials. The peak torque was measured, for both
knee extension and flexion, via Biodex software. Peak
torque was normalized to the participant’s body mass
(Nm/kg). The LSI was calculated as the ipsilateral limb
measurement divided by the contralateral limb mea-
surement. A value of 100% indicated perfect
symmetry.

Dynamic Hop Testing
Four, single-leg hopping trial were performed on each

limb. The hop tests included the following: 1) a single
hop for maximal distance where participants were
instructed to hop straight forward as far as possible with
a balanced landing on one limb (single hop), 2) three
consecutive hops in a straight line for maximal distance
(triple hop), and 3) a timed hop where subjects were
instructed to hop as quickly as possible for 6 meters
(timed hop). Distances were measured in centimeters,



Assessed for eligibility (n= 316)

Excluded
• Lack of 6- and 9- Month LEAP testing 

outcomes available (n= 140)
• Underwent additional ligamentous

reconstruction (n= 32)

• Contralateral Limb Extension (n=35)

• Contralateral Limb Flexion (n= 55)

Greater than 10% change 
(increase) in contralateral limb 
strength

Allocation

Eligible (n= 144)

Enrollment

Less than 10% change (increase) in 
contralateral limb strength 

• Contralateral Limb Extension (n=109)

• Contralateral Limb Flexion (n= 89)

Fig 1. 144 patients were identified for inclusion from a population of 316 potentially eligible patients. LEAP, Lower-Extremity
Assessment Protocol.
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time in seconds, and symmetry was expressed as a
percentage of the contralateral limb as described above.

Statistical Analyses
Statistical analyses were performed using IBM SPSS

Statistics 26 (International Business Machines Corpora-
tion, Armonk, NY). Descriptive statistics, includingmean
and standard deviation, were calculated for all quanti-
tative variables. Extension strength, flexion strength,
LSI, and hop tests of ipsilateral and contralateral limbs
were compared between the 6- and 9-month LEAP
testing outcomes using a paired Student’s t-test. With an
alpha of 0.05 and power of 0.80, a sample size of at least
52 would be required to detect a difference of 8% in LSI.
Further subanalysis of cohorts demonstrating less

than and greater than 10% change in contralateral limb
flexion, and extension strength was performed using an
Table 1. Cohort Characteristics

N (Number of Patients) 144
Age ( years, means �
SD, range)

21.6 � 8.1 (14e56)

Sex (n, % female) 75 (52.1%)
BMI ( kg/m2, means � SD, range) 25.4 � 4.4 (18.1e39.4)
Graft type (BPTB:HS:Quad) 99:43:2
Limb (n, % dominant) 72 (50.0%)
Meniscectomy (n, %) 46 (31.9%)
Meniscus repair (n, %) 62 (43.1%)

BMI, body mass index; BPTB, bone patella tendon bone; HS,
hamstring; Quad, quadricep; SD, standard deviation.
independent Student’s t-test. The contralateral exten-
sion and flexion performance had a resulting power of
0.83 and 0.91, respectively, to determine LSI differ-
ences of 8% with an alpha of 0.05. Multivariable binary
logistic regression was used to evaluate demographic
and operative risk factors for developing greater than
10% change to contralateral limb strength including
age, sex, BMI, graft type, limb injured, meniscectomy,
and meniscal repair. For all comparisons, P < .05 was
considered statistically significant.
Results
144 patients were identified for inclusion from a

population of 316 potentially eligible patients (Fig 1).
Cohort demographics and surgical characteristics are
reported in Table 1. Mean functional outcome testing
metrics for the ipsilateral (operative) limb and contra-
lateral (nonoperative) limb, as well as determination of
limb symmetry, are reported at both 6 and 9 months
postoperatively in Table 2. A statistically significant
difference was seen in all testable metrics of flexion,
extension, and hop testing for both the ipsilateral limb,
contralateral limb, and quantified limb symmetry
indices between 6 and 9 months (Table 2). However,
ipsilateral limb strength had an average increase of 14-
25%, whereas contralateral limb strength had an
average increase of 2-4%. The contralateral limb
extension and flexion strength demonstrated an in-
crease of >10% between 6 to 9 months postoperatively



Table 3. Contralateral Extension Performance

Percent Improvement >10% <10%
P

Value

N (number of patients) 35 (24.31%) 109 (75.69%)
6 Month Follow-Up
Ipsilateral norm peak
ext torq 90� (Nm/kg)

1.41 � 0.47 1.42 � 0.38 .872

Contralateral norm
peak ext torq 90�

(Nm/kg)

2.00 � 0.46 2.39 � 0.40 <.001

LSI (%) 67.3% � 18.2% 59.4% � 12.9% .006
9 Month Follow-Up
Ipsilateral norm peak
ext torq 90� (Nm/kg)

1.84 � 0.49 1.74 � 0.41 .252

Contralateral norm
peak ext torq 90�

(Nm/kg)

2.43 � 0.49 2.32 � 0.40 .187

LSI (%) 75.7% � 14.1% 75.5% � 14.8% .937
Characteristics
LSI percent
improvement

13.0 � 26.4 30.5 � 28.1 .001

Age (means � SD,
years)

20.1 � 7.2 20.84 � 8.5 .197

Sex (n, % female) 20 (57.1%) 55 (50.5%) .660
BMI (means � SD, kg/
m2)

25.6 � 4.8 25.3 � 4.3 .319

Limb (n, % dominant) 20 (57.1%) 52 (47.7%) .604
Graft type (n, BPTB%) 19 (55.9%) 80 (74.1%) .129
Meniscectomy (n, %) 11 (31.4%) 35 (32.1%) .687
Meniscus repair (n, %) 15 (42.9%) 47 (43.1%) .634

Bolded values indicate significant differences. BMI, body mass in-
dex; BPTB, bone patella tendon bone; ext, extension, deviation; flex,
flexion; LSI, limb symmetry index; Norm, normalized; SD, standard
deviation; torq, torque.

Table 2. LEAP Outcomes in Patients with Two LEAP Follow-
Up Assessments (n ¼ 144)

First
Follow-up

Second
Follow-Up P Value

LEAP Follow-up Time
(months)

6.08 � 1.55 9.60 � 2.31

Extension Measures P
Ipsilateral norm peak

ext torq 90�

(Nm/kg)

1.41 � 0.41 1.76 � 0.43 <.001

Contralateral norm
peak ext torq 90�

(Nm/kg)

2.30 � 0.45 2.35 � 0.43 .043

LSI ext (%) 62.2% � 16.9% 75.5% � 14.6% <.001
Flexion Measures P
Ipsilateral norm peak

flex torq 90�

(Nm/kg)

0.90 � 0.27 1.03 � 0.28 <.001

Contralateral norm
peak flex torq 90�

(Nm/kg)

0.99 � 0.28 1.03 � 0.24 .009

LSI flexion (%) 92.0% � 19.9% 100% � 20.5% <.001
Single Hop Tests P
Ipsilateral single hop

(cm)
109.1 � 33.3 125.5 � 31.0 <.001

Contralateral single hop
(cm)

124.1 � 31.9 131.8 � 27.7 <.001

LSI single hop (%) 88.0% � 12.5% 95.0% � 10.0% <.001
Triple Hop Tests
Ipsilateral triple hop

(cm)
392.0 � 103.8 438.1 � 98.8 <.001

Contralateral triple hop
(cm)

436.4 � 102.3 458.0 � 90.4 <.001

LSI triple hop (%) 89.0% � 13.5% 95.0% � 8.5% <.001
Timed Hop Tests
Ipsilateral timed hop

(seconds)
2.54 � 0.67 2.35 � 0.56 <.001

Contralateral timed hop
(seconds)

2.34 � 0.512 2.23 � 0.41 .001

LSI timed hop (%) 108.0% � 13.8% 105.0% � 9.8% .001
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in 35/144 (24.3%) and 55/144 (38.2%) of patients,
respectively (Table 2). Further subgroup analysis was
performed between cohorts demonstrating less than
and greater than 10% change in contralateral limb
extension and flexion strength between 6 and 9 months
postoperatively (Tables 3 and 4).
Patients with >10% change in contralateral limb

extension strength between 6 and 9 months post-
operatively had significantly weaker contralateral
extension strength at 6 months compared to the cohort
that demonstrated<10%change (2.00vs 2.39;P< .001).
However, ipsilateral limb extension strength at 6 months
was similar between groups (1.41 vs 1.42; P¼ .872). The
cohort demonstrating >10% contralateral limb strength
change between 6 and 9 months, therefore, had a
significantly greater LSI at 6 months compared to the
<10% change group (67.3% vs 59.4%; P ¼ .006). At
9 months postoperatively, both groups showed no dif-
ference in contralateral limb strength, ipsilateral limb
strength, or LSI (Table 3). No demographic or operative
factors were identified that correlated with which pa-
tients demonstrated >10% change in contralateral limb
extension strength (Table 3).
Patients with >10% change in flexion strength be-

tween 6 and 9 months postoperatively had significantly
weaker contralateral flexion strength at 6 months than
the cohort that demonstrated <10% change (0.84 vs
1.08; P < .001). Ipsilateral flexion strength was also
different between groups at this time point (0.78 vs 0.97;
P < .001). Limb symmetry comparison between groups
demonstrating>10% change and<10% change did not
significantly differ (93.9% vs 90.9%; P ¼ .379). At 9
months postoperatively, both groups showed no differ-
ence in contralateral limb strength or ipsilateral limb
strength (Table 4). A significant difference in LSI was
seen between groups; however, there existed a small
absolute or percentage difference in LSI (Table 4). No
demographic or operative risk factors were identified
that correlatedwithwhich patients demonstrated>10%
change in contralateral limb flexion strength (Table 4).

Discussion
The primary finding of this study is that a large per-

centage of patients demonstrate significant changes in



Table 4. Contralateral Flexion Performance

Percent Improvement >10% <10% P Value

N (number of patients) 55 (38.19%) 89 (61.81%) -
6 Month Follow-Up
Ipsilateral norm peak ext torq 90� (Nm/kg) 0.78 � 0.24 0.97 � 0.27 <.001
Contralateral norm peak ext torq 90� (Nm/kg) 0.84 � 0.23 1.08 � 0.27 <.001
LSI (%) 93.9% � 21.6% 90.9% � 18.8% .379
9 Month Follow-Up
Ipsilateral norm peak ext torq 90� (Nm/kg) 1.00 � 0.30 1.05 � 0.27 .249
Contralateral norm peak ext torq 90� (Nm/kg) 1.06 � 0.26 1.02 � 0.22 .420
LSI (%) 94.5% � 16.9% 104% � 21.8% .006
Characteristics
LSI percent improvement 4.1 � 21.5 17.9 � 29.1 .003
Age (means � SD, years) 22.1 � 8.4 19.8 � 8.0 .246
Sex (n, % female) 26 (47.3%) 49 (55.1%) .778
BMI (means � SD, kg/m2) 26.3 � 4.8 24.8 � 4.1 .082
Limb (n, % dominant) 25 (45.5%) 47 (52.8%) .476
Graft type (n, BPTB%) 36 (65.5%) 63 (70.8%) .961
Meniscectomy (n, %) 16 (29.1%) 30 (33.7%) .302
Meniscus repair (n, %) 22 (40.0%) 40 (44.9%) .571

Bolded values indicate significant difference. BMI, body mass index; BPTB, bone patella tendon bone; Ext, extension; Flex, flexion; LSI, limb
symmetry index; Norm, normalized; SD, standard deviation; torq, torque.
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their contralateral limb flexion and extension strength
between 6 and 9 months postoperatively that result
from an initial contralateral limb strength deficit. This
may limit the utility of the contralateral limb as a
control for comparison to the operative extremity
during return to sport assessment. Notably, this study
did not identify characteristics that help to reliably
distinguish which patients will demonstrate these initial
deficits and experience greater change in contralateral
limb strength during recovery following ACL-R.
The present study suggests that the significant

changes in contralateral limb extension and flexion
strength seen at 6 months postoperatively in certain
patients is representative of a relative performance
deficit in comparison to peers, as comparable strength
exists at 9 months postoperatively. Several previous
studies have also identified the potential for impairment
of the contralateral, nonsurgical limb after ACL
reconstruction.24e27,29 Chung et al. compared the per-
formance of the contralateral limb in a cohort of 75
patients who underwent primary, unilateral ACL
reconstruction to a matched, healthy cohort and sug-
gested that functional deficits, particularly extension
strength, existed in the population undergoing ACL
reconstruction.26 The relative deficits in extension
strength were even demonstrated by 24-month final
follow-up.26 However, this study found this strength
deficit to be resolved by 9 months.
Another study by Hiemstra et al. compared flexion

and extension strength of the ipsilateral and contralat-
eral limbs of 12 patients undergoing ACL reconstruc-
tion using a hamstring tendon graft, as well as to that of
30 healthy controls.24 The authors found that in the
patients undergoing surgery, knee extension
normalized to within 10% of the contralateral,
nonoperative limb, but that some deficits in flexion
strength >10% persisted. However, when compared to
limbs of the healthy control group, 13.5-26.8% of the
deficits were demonstrated in knee flexion and exten-
sion of both the ACL-reconstructed and noninjured
limbs.24 Both of the aforementioned studies questioned
the validity of the use of the contralateral limb as a
control group in side-to-side limb strength and func-
tional performance comparisons.24,26 In comparison, a
systematic review and meta-analysis by Brown et al.
examining the quadriceps strength of the contralateral,
uninjured leg of patients undergoing ACL reconstruc-
tion in comparison to a healthy, matched control group
reported that the differences in extension strength were
small.13 In another systematic review and meta-
analysis, Lisee et al. also did not observe a significant
difference between the contralateral, uninjured limb
and the limb of a control group.30 Both of these reviews
contained a relatively small number of studies exam-
ining this finding.13,30

In the context of this prior literature, the findings of
our study also offer some mixed support to the use of
the contralateral limb as a control for performance
comparisons of the operative limb. Findings from the
present study support that, as a general rule, the
contralateral limb serves as a valid comparison, but that
exceptions to this principle may exist in a proportion of
patients that demonstrate more notable contralateral
limb deficits at initial assessment. It would be ideal to be
able to predict which patients would be the exceptions;
however, the present analysis was unable to identify
factors that correlate with which patients will manifest
these findings. Considering that around one-fourth of



e1718 T. E. MORAN ET AL.
patients in this study had extension strength changes of
>10% between 6 and 9 months, physicians must be
wary that 6-month limb symmetry tests may over-
estimate ipsilateral limb strength recovery. Thus, the
strength recovery of both ipsilateral and contralateral
limbs should be closely monitored at sequential follow-
up assessments to truly evaluate the normality of the
ipsilateral limb and account for potential deficits pre-
viously present in the contralateral limb. Collectively,
the results of our study in the context of the prior
literature are relevant given the lack of consensus in the
literature regarding the use of the contralateral limb as
a control for comparison during LSI calculations after
ACL reconstruction. The present study suggests that in
a significant proportion of patients, there may be
limited validity to the use of the contralateral limb as a
control group in side-to-side limb strength and func-
tional performance comparisons when assessing a pa-
tient’s return to sport. Although further investigation is
needed, comparing the operative extremity to a pa-
tient’s own preinjury measures or a large, population-
based, matched, uninjured, control group may be
more ideal.

Limitations
There are several limitations of note. Patients with

meniscectomy and meniscal repair were both included.
At the institution where the present study was con-
ducted, the postoperative protocol is different for ACL
reconstruction with concomitant meniscectomy and
meniscal repair, which may have affected contralateral
limb strength recovery. However, our analysis did not
identify either as a predictive factor for the develop-
ment of contralateral limb differences. Given the
retrospective nature of the study, it remains possible
that other confounding variables may have impacted
the results. These include, but are not limited to, the
timing between injury and surgery, degree of chon-
dromalacia or meniscal injury, and preoperative
strength deficits. Although LSI differences were
adequately powered, certain subanalysis with large
standard deviations may be underpowered. Unfortu-
nately, no preinjury LEAP testing was performed in any
patients. Comparison between these data and the
postoperative LEAP data may have revealed baseline
differences between cohorts. Physical therapy duration
and adherence were also unable to be accounted for
and may contribute to contralateral limb strength def-
icits. Additionally, there was no LEAP testing data
beyond 9 months that could reveal further changes in
contralateral limb strength.

Conclusions
A large percentage of patients demonstrate significant

changes in their contralateral limb flexion and exten-
sion strength between 6 and 9 months postoperatively
that result from an initial contralateral limb strength
deficit. This may limit the utility of the contralateral
limb as a control for comparison to the operative ex-
tremity during return to sport assessment.
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