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Knee

Quadriceps Neuromuscular and Physical Function
After Anterior Cruciate Ligament Reconstruction
Jennifer L. Hunnicutt, PhD, ATC*; Michelle M. McLeod, PhD, ATC†;
Harris S. Slone, MD‡; Chris M. Gregory, PhD, PT§

Context: Persistent neuromuscular deficits in the surgical
limb after anterior cruciate ligament reconstruction (ACLR) have
been repeatedly described in the literature, yet little is known
regarding their association with physical performance and
patient-reported function.
Objective: To describe (1) interlimb differences in neuromuscular and functional outcomes and (2) the associations of
neuromuscular outcomes with measures of physical and kneerelated patient-reported function.
Design: Cross-sectional study.
Setting: Laboratory.
Patients or Other Participants: Thirty individuals after
primary, unilateral ACLR (19 males; age ¼ 21.5 years [range,
14–41 years]; 8 months [range ¼ 6–23 months] postsurgery).
Main Outcome Measure(s): Knee-extensor isometric and
isokinetic peak torque was measured with an isokinetic
dynamometer. Cross-sectional area (CSA) was measured
bilaterally for each of the quadriceps muscles via magnetic
resonance imaging. We measured quadriceps central activation
bilaterally via the superimposed-burst technique. Physical
performance (single-legged hop tests, step length via spatiotemporal gait analysis) and patient-reported outcomes (International Knee Documentation Committee questionnaire and Knee
Injury and Osteoarthritis Outcome Score Sport and Recreation
subscale) were also recorded. We conducted Wilcoxon signed

rank tests to identify interlimb differences. Spearman q
correlation analyses revealed associations between limb symmetry and neuromuscular and functional outcomes, as well as
with patient-reported function.
Results: Deficits in the surgical limb as compared with the
nonsurgical limb were present for all outcomes (P values , .05).
Greater single-legged hop-test symmetry (83%) was significantly correlated with greater symmetry in knee-extensor isometric
(63%; rs ¼ 0.567, P ¼ .002) and isokinetic (68%; rs ¼ 0.540, P ¼
.003) strength, as well as greater cross-sectional area of the
vastus medialis (78%; rs ¼ 0.519, P ¼ .006) and vastus lateralis
(82%; rs ¼ 0.752, P , .001). A higher International Knee
Documentation Committee questionnaire score (82.2) was
significantly correlated with greater symmetry in knee-extensor
isokinetic strength (rs ¼ 0.379, P ¼ .039).
Conclusions: Although deficits were observed in the
surgical limb for all neuromuscular measures, greater symmetry
in the size and strength of the quadriceps, rather than activation,
was more strongly associated with physical performance after
ACLR. Greater symmetry in strength was also more strongly
associated with patient-reported function.
Key Words: rehabilitation, knee injury, neuromuscular
function, self-reported function, limb symmetry

Key Points




After anterior cruciate ligament reconstruction, the surgical limb exhibited deﬁcits in quadriceps muscle size,
strength, and activation.
Compared with greater activation, larger and stronger quadriceps muscles led to more successful physical function
outcomes in the surgical limb.
Greater quadriceps isokinetic strength symmetry was the only outcome that was associated with improved patientreported knee function.

A

nterior cruciate ligament (ACL) sprains are one of
the most debilitating knee-joint injuries. Nearly
300 000 injuries occur in the United States per
year, and their economic effect exceeds $2 billion in US
health care dollars.1 Anterior cruciate ligament reconstruction (ACLR) is a surgical procedure performed to stabilize
the injured joint and facilitate functional recovery.
Unfortunately, functional recovery is not always achieved,
and 25% to 45% of individuals fail to return to their
preinjury activity levels.2,3 These individuals face undesir238
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able neuromusculoskeletal sequelae that likely result from
peripheral and central (mal)adaptations (ie, muscle weakness, atrophy, and activation deﬁcits) that contribute to an
increased risk for reinjury,4,5 the development of earlyonset osteoarthritis,6,7 and decreased quality of life.8 Given
that the most often-stated goal for ACLR patients is to
return to their preinjury activity levels, efforts to elucidate
the functional consequences of neuromuscular dysfunction
must be undertaken.
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deﬁcits were present by quantifying asymmetries in
neuromuscular outcomes (quadriceps strength, size, and
activation). Second, we determined associations of limb
asymmetries with measures of physical and patientreported function (hop test and step-length asymmetries
and patient-reported knee function) in individuals after
ACLR. We hypothesized that (1) signiﬁcant interlimb
differences in neuromuscular outcomes would be present
and (2) greater symmetry in knee-extensor strength,
quadriceps cross-sectional area (CSA), and central activation would be associated with greater symmetry in physical
function, as well as improved patient-reported function.
METHODS
Study Design

This was a cross-sectional study in which individuals
who were 6 months to 2 years post-ACLR underwent
assessments in the following order: quadriceps isometric
strength and central activation, isokinetic strength, functional tests, patient-reported outcomes, and magnetic
resonance imaging (MRI) of the lower extremity. Before
the MRI, each patient was given time to rest and complete
the patient-reported outcome questionnaires. This study
was approved by the review board of the investigator’s
institution.
Participants

Individuals (male and female) who had undergone
primary ACLR were included based on the following
inclusion and exclusion criteria. Inclusion criteria were (1)
age 14 to 55 years, as individuals 14 years are considered
skeletally mature and undergo standard adult reconstructive
procedures for the ACL with little risk of growth plate
disturbance22; (2) history of unilateral ACLR (with or
without meniscal involvement) within the past 6 months to
2 years with ipsilateral quadriceps tendon or bone–patellar
tendon–bone autografts; and (3) ACLR performed by one
of the fellowship-trained sports medicine orthopaedic
surgeons at our institution. Exclusion criteria were (1) a
history of lower extremity injury or surgery other than
ACLR to either the involved or uninvolved limb within the
past 6 months; (2) inability to walk without assistance from
an orthotic or knee brace or another person; (3) selfreported knee arthritis that would limit range of motion at
the knee joint; (4) any contraindications to MRI, such as
metal implants, pacemakers, claustrophobia, etc; or (5)
pregnancy. Written informed consent was obtained from all
participants (or the participant’s legal guardian if the
participant was ,18 years old) before data collection.
Neuromuscular Outcome Measures

Strength. Bilateral quadriceps isometric and isokinetic
strength was measured on an isokinetic dynamometer
(System 4 Pro; Biodex Medical Systems, Inc, Shirley,
NY). The nonsurgical limb was always tested ﬁrst. Before
testing, each participant underwent a period of familiarization and warm-up consisting of submaximal knee-extension
contractions at 25%, 50%, and 75% of perceived maximal
effort. After familiarization, 3 maximal contractions were
performed with participants positioned in the dynamometer
with the hips ﬂexed to 858 and the knees ﬂexed to 908.6 The
Journal of Athletic Training

239

Downloaded from http://meridian.allenpress.com/jat/article-pdf/55/3/238/2469231/1062-6050-516-18.pdf by guest on 17 January 2022

Strength deﬁcits of the extensor musculature surrounding
the reconstructed knee (eg, quadriceps femoris muscle
group) are consistently observed, even years after surgery.9,10 This strength loss can be largely attributed to an
inability to voluntarily activate the quadriceps muscle
group—known as voluntary activation deﬁcit—which
compromises strength and limits the dose of rehabilitation
that can be delivered. Additionally, magnetic resonance
imaging (MRI) studies showed that the muscles surrounding the reconstructed knee experienced signiﬁcant atrophy
months to years after ACLR.11–14 Together, the reductions
in muscle size and voluntary activation account for
approximately 60% of the variance in quadriceps strength
6 months after ACLR.12 Addressing these deﬁcits in
quadriceps muscle strength, size, and activation is crucial
in early rehabilitation before and during progression into
functional tasks in later rehabilitation. Although others
have described deﬁcits in quadriceps muscle strength, size,
and activation,13–16 the relationships of these factors to
decreased function remain less clear,14 especially when
considering values of the surgical limb only versus
symmetry. Kuenze et al14 found that patient-reported
function was associated with the volume of the vastus
intermedius and not isometric strength, but the association
was weak. Our study was intended to provide a more
comprehensive approach to understanding these relationships by assessing additional clinically relevant functional
outcomes.
Functional outcomes include hop-test results, spatiotemporal gait variables, and patient-reported outcomes. Speciﬁcally, hop tests are the most common tests of functional
stability after ACLR,17 and performance is signiﬁcantly
predicted by quadriceps strength.18 Thus, hop testing may
serve as an alternative for clinics that lack access to
dynamometers. Additionally, greater symmetry on hop tests
conducted 6 months post-ACLR predicted greater selfreported knee function at 1 year.19 As an alternative to
motion capture, spatiotemporal gait analysis using a
portable walking system (GAITRite; CIR Systems, Inc,
Franklin, NJ) has shown early promise in detecting gait
asymmetries. The GAITRite system is a clinical tool that
only requires the patient to walk along a mat while the
computer measures spatiotemporal variables. Step length of
the surgical limb measured using GAITRite exhibited
moderate to high positive correlations with patient-reported
function at multiple time points after ACLR.20 Furthermore, reduced step length has been associated with reduced
knee-joint loading and reduced quadriceps strength after
ACLR.21 Lastly, patient-reported outcome measures are an
emerging aspect of clinical research and are important to
collect during rehabilitation, given that individual patients’
perceptions of the recovery process may serve as key
components of clinical testing when predicting or explaining the extent of recovery.
The extent to which neuromuscular function relates to
these functional outcomes after ACLR, including whether
the effect of neuromuscular function on functional
performance is similar to its effect on patient self-reported
function, remains under investigation. Therefore, the
primary purpose of our study was to determine if
associations existed between neuromuscular and clinically
relevant functional outcomes in individuals after ACLR. As
a ﬁrst step, we determined the extent to which interlimb

Central Activation ¼

TorqueMVIC
3 100%:
TorqueMVIC þ TorqueSIB

Cross-Sectional Area. Magnetic resonance imaging was
conducted to compare the maximum CSA of each kneeextensor muscle between the surgical and nonsurgical limbs
of each patient. All imaging was performed after the
neuromuscular and functional testing using a 3.0-T MRI
scanner (Prisma; Siemens AG, Munich, Germany) and a
large body coil. The T1 axial fast-spin imaging without fat
saturation was performed of the bilateral thighs from the
knee-joint line to the proximal subtrochanteric femur
(repetition time ¼ 626 milliseconds, echo time ¼ 10
milliseconds, echo train length ¼ 3, 5-mm slice thickness,
0.5-mm interslice gap, 40-cm ﬁeld of view, 384 3 384
matrix, and total scan length of 36 cm). Muscle and
240
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nonmuscle tissues were readily differentiated based on the
conspicuity of fat planes on the T1 images, and the CSA of
each of the quadriceps muscles was measured on all
consecutive slices by drawing a freehand region of interest
using publicly available software (Osirix; Pixmeo SARL,
Geneva, Switzerland). Once the slice with the maximum
CSA was identiﬁed, the respective CSA measurement was
averaged with that of the 2 adjacent slices and used in data
analysis. This was done for each quadriceps muscle. All
images were analyzed by 2 evaluators who were blinded to
the graft type and side of surgery. Using a 2-way mixedeffects model, we determined interrater reliability to be
excellent (intraclass correlation coefﬁcient ¼ 0.914; 95%
conﬁdence interval ¼ 0.823, 0.959).
Functional Outcome Measures

Hop Testing. Dynamic knee function was measured via
the single-legged hop test for distance conducted on the
nonsurgical limb ﬁrst, followed by the surgical limb. This
test is a safe, reliable, and valid measure in individuals after
ACLR.24 The single-legged hop test was performed with
the participant standing on 1 leg behind a marked starting
line and hopping once as far as possible. For a trial to be
considered successful, the participant must land on the
tested limb in a controlled manner. The trial was repeated if
the landing was not stable or the contralateral limb touched
the ground. Hop distance was measured from the starting
line to the participant’s heel (to the nearest centimeter)
using a standard tape measure. Three successful trials were
averaged and used in the analyses.
Spatiotemporal Gait Analysis. Participants walked over
a 14-ft (4.3-m) portable walking system (GAITRite)
designed to measure spatiotemporal variables related to
each individual’s gait pattern. Once familiarized with the
system, participants walked at their self-selected speed for
3 trials. They were not permitted to use any assistive
devices during the trials. The average step length for each
limb was calculated and used for the analyses.
Patient-Reported Outcome Measures

Participants completed the subjective portion of the
International Knee Documentation Committee (IKDC)
questionnaire, which is available online at the American
Orthopedic Society for Sports Medicine Web site.25 The
IKDC form is a reliable and valid tool for measuring selfreported knee function.26 It contains 18 items representing 3
domains: symptoms, sports, and daily activities. The total
score is calculated by totaling the individual items and then
converting the raw score to a scale of 0 to 100, in which 100
represents no limitation in knee functioning.
Additionally, participants completed the Knee Injury and
Osteoarthritis Outcome Score (KOOS) questionnaire. The
KOOS is a reliable and valid patient-centered measure for
individuals after ACLR.27,28 The KOOS total score ranges
from 0 to 100, with 0 representing extreme knee problems
and 100 representing no knee problems. We used only the
Sport and Recreation (Sport/Rec) subscale score for the
correlation analysis because it is one of the only 2 subscales
that demonstrated unidimensional measurement properties
in individuals post-ACLR.29
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axis of the dynamometer was aligned with the knee-joint
axis of rotation, and the lever arm was secured to the test
leg proximal to the lateral malleolus. Stabilization in the
dynamometer was maintained with straps at the chest, hips,
and knee. Participants were encouraged with auditory
feedback and motivation to develop torque as hard and fast
as possible in order to produce maximal contractions,
separated by 60 seconds of rest. For isometric testing, peak
torque was identiﬁed during the maximum voluntary
isometric contraction (MVIC), and then the mean of a
100-millisecond epoch recorded around the peak was used
for analysis. The MVIC was normalized to body mass
(newton meters per kilogram). Central activation was tested
simultaneously during MVIC testing. (See ‘‘Central Activation’’ section below.) After activation testing, isokinetic
testing of concentric knee-extensor and -ﬂexor strength was
performed bilaterally via 5 repetitions at angular velocities
of 608/s through a full range of motion and using gravity
correction.10 Peak torque was normalized to body mass.
Central Activation. As noted, central activation and
isometric strength were tested simultaneously. After the
skin was cleaned with alcohol pads, two 7- 3 13-cm selfadhesive electrodes (Dura-Stick II; Chattanooga Group,
Hixson, TN) were placed in bipolar fashion using the vastus
medialis obliquus conﬁguration.23 A 10-pulse train electrical stimulus was manually delivered using a square-wave
stimulator (model S88; Grass Technologies Corp, West
Warrick, RI) and a stimulation isolation unit (model
SIU8T; Grass Technologies Corp) during MVICs once a
maximal contraction was visually identiﬁed by the tester.
(Participants did not receive visual feedback.) A standard
intensity of 150 V was used for all participants. During the
submaximal isometric trials, the intensity of electrical
stimulation was superimposed at 25%, 50%, and 75% of
150 V to familiarize participants. Other stimulation settings
were a 200-millisecond train of 10 stimuli, at 50 pulses per
second, with a pulse duration of 0.6 milliseconds and 0.01millisecond pulse delay. The stimulator and dynamometer
were interfaced with a personal computer through a
commercially available hardware system (model MP150;
Biopac Systems, Inc, Goleta, CA). Data were sampled at
2000 Hz and analyzed using commercially available
software (AcqKnowledge version 4.4; Biopac Systems,
Inc). For analysis, peak torque was identiﬁed during the
superimposed burst (SIB). We used the mean of a 100millisecond epoch around the peak torque to calculate
central activation via the following equation:

Table 1. Participant Characteristics

determine associations between the neuromuscular measures and patient-reported outcomes (IKDC and KOOS
Sport/Rec). The strength of correlations was categorized as
low (,0.25), fair (0.25–0.49), moderate to good (0.50–
0.74), or good to excellent (.0.75).30 The a level was set a
priori at .05 and used to describe signiﬁcant correlations.
All analyses were performed using SPSS (version 24; IBM
Corp, Armonk, NY).

Value
No. (%)

Demographic Variable
Sex
Male
Female

19 (63)
11 (37)
Median (Range)
22
174.0
76.3
23.7
8.0
1.24

(14–41)
(153.7–195.6)
(37.4–120.2)
(14.8–40.3)
(6.0–23.0)
(0.84–1.54)

82.2 (54.0–94.3)
75.0 (45.0–100)
68.8 (18.8–93.8)
No. (%)

Contact mechanisma

12 (40)

Meniscal involvement
Meniscectomy
Meniscal repair

13 (43)
4 (13)

Autograft type
Quadriceps tendon
Patellar tendon

15 (50)
15 (50)

Abbreviation: KOOS, Knee Injury and Osteoarthritis Outcome
Score.
a
Contact mechanism was determined via participant’s self-report of
mechanism of injury.

Statistical Analyses

Because of their robustness to the possibility of nonnormal data and outliers, we determined a priori that only
nonparametric statistical tests would be used for all
analyses. Wilcoxon signed rank tests were performed to
assess interlimb differences for all outcome measures.
Spearman q correlation analyses were conducted to identify
associations between symmetry in neuromuscular measures
(knee-extensor strength, quadriceps CSA, central activation) and symmetry in functional measures (hop testing and
step length). Additionally, the Spearman q was used to

RESULTS

Thirty individuals with a history of ACLR participated in
this study. On the Tegner Activity Scale, this sample
reported high levels of intense activity at preinjury (median
¼ 9 [range ¼ 3–10]) and postsurgery (median ¼ 7 [range ¼
3–9]). All demographic and other patient-reported outcome
data are provided in Table 1.
The surgical limb was weaker and smaller and had less
activation than the nonsurgical limb. Additionally, scores
on the single-legged hop test were lower and step lengths
were shorter for the surgical limb (Table 2).
Consistent with previous work14 demonstrating a strong
relationship between greater quadriceps size and strength,
we observed signiﬁcant associations between increased
isometric strength and larger quadriceps muscle size for the
vastus medialis (rs ¼ 0.603, P ¼ .001), vastus lateralis (rs ¼
0.479, P ¼ .010), vastus intermedius (rs ¼ 0.488, P ¼ .007),
and rectus femoris (rs ¼ 0.632, P , .001).
Greater symmetry in hop-test scores was signiﬁcantly
associated with greater symmetry in knee-extensor strength
and with the CSAs of the vastus medialis and the vastus
lateralis (Table 3). Additionally, greater IKDC scores were
signiﬁcantly associated with greater symmetry in isokinetic
knee-extensor strength. Central-activation symmetry did
not correlate with any functional outcomes.
As a subanalysis, we investigated the correlations
between neuromuscular and functional outcomes in the
surgical limb only (Table 4). Hop-test performance was
signiﬁcantly and positively correlated with knee-extensor
strength and with the CSAs of all quadriceps muscles. Also,
greater step length was signiﬁcantly associated with greater
central activation and CSAs of the vastus intermedius and
rectus femoris in the surgical limb.

Table 2. Neuromuscular and Functional Outcome Variables Between Limbs
Limb, Median (Range)
Variable

Surgical

Nonsurgical

P Value

1.22 (0.62–2.43)
1.39 (0.51–2.80)
86.8 (72.7–98.2)

2.02 (1.03–3.71)
2.01 (1.06–3.56)
95.1 (80.9–101.9)

,.001
,.001
,.001

19.6
26.0
21.5
13.4

26.0
33.3
27.8
12.8

,.001
,.001
,.001
.001

Strength and activation
Knee-extensor, Nm/kg
Maximum voluntary isometric contraction
Torque, 608/s
Central activation, %
Cross-sectional area, cm2
Vastus medialis
Vastus lateralis
Vastus intermedius
Rectus femoris

(9.9–32.9)
(13.7–40.6)
(10.4–35.4)
(5.6–18.2)

(15.6–39.0)
(21.9–47.1)
(16.2–39.6)
(6.6–19.8)

Functional tests, cm2
Single-legged hop
Step length

87.0 (15.0-182.7)
69.6 (54.1–91.4)

112.3 (43.3–201.3)
70.9 (53.3–95.3)
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Age, y
Height, cm
Mass, kg
Body mass index, kg/m2
Time since surgery, mo
Gait speed, m/s
International Knee Documentation
Committee score
KOOS Sport and Recreation score
KOOS Quality of Life score

Table 3. Correlation Coefficients Between Measures of Symmetry in Neuromuscular and Functional Outcomes
Symmetry
Variable
Maximal voluntary isometric contraction
Isokinetic testing at 608/s
Central activation

Single-Legged
Hop

Step
Length

International Knee
Documentation
Committee Score

0.567a
0.540a
0.199

0.065
0.185
0.208

0.038
0.379a
0.221

0.519a
0.752a
0.181
0.212

0.063
0.221
0.244
0.197

0.285
0.222
0.157
0.194

Knee Injury and
Osteoarthritis Outcome Sport
and Recreation Score
0.111
0.337
0.063

Cross-sectional area
Vastus medialis
Vastus lateralis
Vastus intermedius
Rectus femoris
a

0.265
0.264
0.053
0.065

Significant correlation. Spearman correlation coefficients are presented.

The purpose of our study was to describe interlimb
differences and associations between quadriceps neuromuscular outcomes and clinically relevant functional
outcomes in individuals after ACLR. Signiﬁcant deﬁcits
were present in all measures of neuromuscular and physical
function in the surgical limb compared with the nonsurgical
limb. Single-legged hop symmetry was the only variable
that was signiﬁcantly and positively associated with several
measures of neuromuscular symmetry (quadriceps strength
and CSA). The IKDC score demonstrated a signiﬁcant and
positive association only with isokinetic strength symmetry.
Whether investigating interlimb symmetry or surgical-limb
values in isolation, we suggest that larger and stronger
quadriceps muscles are more strongly associated with
physical function; thus, restoring quadriceps muscle
function during rehabilitation may serve as a foundational
target before the focus is placed on functional performance.
Neuromuscular Deficits

Neuromuscular dysfunction after ACLR has been well
documented, particularly deﬁcits in knee-extensor
strength,9,10 quadriceps muscle size,11–14 and quadriceps
central activation.31 To replicate these ﬁndings, we ﬁrst
described deﬁcits in the surgical limb compared with the
nonsurgical limb. Similar to previous researchers, we
observed signiﬁcant deﬁcits in neuromuscular variables of
the surgical limb. Although Wellsandt et al27 noted that
both limbs were affected by ACLR, much debate surrounds
the reporting of limb-symmetry indices versus surgicallimb raw values.27,28 Therefore, we conducted subanalyses
using surgical-limb values to complement our analyses

using symmetry measures. Consistent with the ﬁndings of
Norte at al,32 we identiﬁed stronger associations between
strength and functional outcomes than limb-symmetry
indices in the surgical limb. Particularly for the association
between strength and hop-test results, the results justiﬁed
the use of surgical-limb values. Interestingly, although we
did show a signiﬁcant association between isometric
strength and IKDC values, no participants in this study
demonstrated the clinically meaningful normalized strength
threshold value (.3.0 Nm/kg) in the surgical limb that has
been associated with better patient-reported function.33 The
IKDC scores for males (80.4) and females (79.9) in this
sample were below normative values.34
Participants demonstrated reduced central activation after
ACLR.31 In the surgical limb (86.7%), central activation
was similar to what has been extensively reported in the
literature (87.3%, according to a systematic review of 15
studies31). Additionally, our investigation showed a deﬁcit
in the nonsurgical limb (93.1%), which was similar to but
not quite as low as that reported in the systematic review
(89.1%). At the time point evaluated in our study (median
of 8 months post-ACLR), central activation was not
associated with measures of strength symmetry. This is
contrary to other ﬁndings.18 It is possible that quadricepsactivation deﬁcits may be more strongly related to strength
in the earlier stages after ACLR and less so in the later
stages.35 Thus, muscle size may be a more appropriate
target during rehabilitation in the later stages of recovery
after ACLR. Muscle atrophy can be addressed using
modalities, such as neuromuscular electrical stimulation,
and speciﬁc modes of exercise, including eccentric strength
training.

Table 4. Correlation Coefficients Between Neuromuscular Outcomes and Function in the Surgical Limb

Variable
Maximal voluntary isometric contraction
Isokinetic testing at 608/s
Central activation

Single-Legged
Hop Test

Step
Length

International Knee
Documentation
Committee Score

Knee Injury and
Osteoarthritis Outcome Sport
and Recreation Score

0.800a
0.758a
0.206

0.315
0.124
0.383a

0.025
0.256
0.204

0.019
0.214
0.052

0.562a
0.456a
0.417a
0.554a

0.308
0.320
0.487a
0.525a

0.171
0.175
0.013
0.012

0.161
0.231
0.023
0.049

Cross-sectional area
Vastus medialis
Vastus lateralis
Vastus intermedius
Rectus femoris
a

Significant correlation. Spearman correlation coefficients are presented.
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DISCUSSION

Hop Testing

Gait Analysis

We evaluated gait because of the emerging evidence that
walking mechanics contribute to the development of
posttraumatic osteoarthritis. More speciﬁcally, unloading
(reduced vertical ground reaction forces) of the surgical
limb is common after ACLR and not ideal for long-term
cartilage health.37,38 Cross-sectional studies39,40 revealed
that insufﬁcient quadriceps strength and rate of torque
development were associated with unloading. Unfortunately, these small, but signiﬁcant, degrees of weight shifting
during gait are not always clinically observable. The
GAITRite is a relatively inexpensive and much more
efﬁcient tool than high-tech motion capture systems and
may, therefore, be a useful indicator of gait dysfunction
after ACLR. In the present study, reduced step length was
used as a surrogate measure of unloading of the surgical
limb and favoring the nonsurgical limb. Reduced step
length has been associated with decreased knee-joint
loading during walking in uninjured individuals.41 In
patients with ACL-reconstructed knees, reduced step length
during running was also associated with decreased kneejoint loading and quadriceps force.21 Similar associations of
reduced step length and ground reaction forces have been
observed in other clinical cohorts, such as individuals with
obesity41 or stroke.42 Step-length asymmetry was small, but
present, as indicated by the statistically signiﬁcant difference between limbs. Future researchers (with currently
unpublished data) will determine the strength of correlations between step length and other spatiotemporal
variables with ground reaction forces. We hypothesized
that reduced neuromuscular symmetry would be related to
reduced step-length symmetry; however, this association
was not found. On the contrary, when evaluating the
surgical limb, greater activation and muscle size in the
surgical limb were signiﬁcantly correlated with greater step
length. More speciﬁcally, greater CSA of the rectus femoris
was associated with greater step length, which may reﬂect
the importance of hip ﬂexion during gait. The hip ﬂexors
have a vital role in the late swing phase of gait, supporting
the limb just before heel strike. A reduction in hip-ﬂexion

Patient-Reported Knee Function and Quality of Life

A recent surge in patient-reported outcomes research has
revealed the strong inﬂuence of patient self-efﬁcacy in ACL
recovery. In many cases, knee function has been restored to
normal or near normal, and yet, the individual is still not
comfortable about returning to activity.44 In our study, the
only neuromuscular measure signiﬁcantly associated with
IKDC scores was isokinetic strength symmetry, though this
association was weak. Bodkin et al45 subdivided patients by
time since surgery and failed to show relationships between
IKDC scores and quadriceps strength in patients ,2 years
postsurgery. It is possible that patients cannot perceive the
extent of their neuromuscular dysfunction, and the
construct of the IKDC is directed more toward physical
function (ie, performance of activities of daily living). We
thought that perhaps the KOOS Sport/Rec subscale score
would be signiﬁcantly associated with neuromuscular
dysfunction, but this was not conﬁrmed. Nonetheless,
further work is needed to develop and use patient-reported
outcomes that can capture neuromuscular dysfunction after
surgery, especially considering the relationship of neuromuscular dysfunction and longer-term complications.
Limitations

Limitations of this study were as follows: (1) Based on
the cross-sectional study design, we were only able to draw
conclusions at a single time point after surgery. It is likely
that the strength of associations between neuromuscular
and physical function changed later after ACLR. Thus,
longitudinal investigations would provide more solid
conclusions regarding the relationships between neuromuscular and physical functioning. (2) In the MVIC and
central-activation testing, visual feedback to encourage
maximal contraction was not provided to participants. We
recognize that this may have lowered our estimates of
strength and activation,46 but these underestimations would
have been systematic across all participants and would,
therefore, have had a limited effect on the associations
presented. (3) In the imaging analyses, we did not estimate
muscle volume, pennation angle, or physiological CSA.
Although this is certainly a potential limitation, Marcon et
al47 showed that quadriceps CSA was strongly correlated
with quadriceps volume. (4) The CSA of the rectus femoris
may have been underestimated in this study. Using our MRI
protocol, the maximum CSA for the rectus femoris was
often found on the most superior slice in the series.
However, when compared with the nonsurgical limb, the
rectus femoris CSA results were reasonable. (5) The SIB
technique had limitations as a proxy for measuring central
activation because the mechanisms underlying this measure
are not fully understood. Emerging evidence6 evaluating
central drive to the quadriceps through other mechanisms
(eg, brain stimulation, spinal reﬂexes) offers promising
evaluation techniques for further understanding the physiology of quadriceps inhibition.
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Clinically feasible and relatively easy to conduct, the hop
test is the most common method of assessing functional
stability after ACL injury and reconstruction.17 Hop tests
are safe, reliable, and valid measures of knee stability.24
Improved performance is believed to indicate a reduced risk
of reinjury, although few authors have investigated this
relationship.36 Like muscle-strength tests, hop tests are
often used to determine readiness to return to activity.
Ideally, hop tests should be conducted on both limbs to
evaluate symmetry; readiness to return to activity is evident
with a limb-symmetry index 90%. Hop-test scores in our
sample were below the normative values established by
Gokeler et al28 for both males and females. Because greater
hop-test distance was signiﬁcantly associated with greater
knee-extensor strength and quadriceps size in this study and
predicted quadriceps strength in other studies,18 we are
conﬁdent that these tests are useful for not only dynamic
knee function but also quadriceps strength. They may be
especially useful when access to strength-testing equipment
is limited.

angle has been observed in individuals with ACLR
compared with control participants and theorized to be
related to greater reliance on the hip-extensor muscles.43
Perhaps the focus should be on hip-ﬂexor activation and
range of motion to generate a greater step length by the
surgical limb, but this requires further study.
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