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Abstract
Purpose Quadriceps weakness is common after anterior cruciate ligament reconstruction (ACLR). Limited neuromuscular
activation may have a role in the weakness. The purpose of this study was to use peripheral magnetic stimulation to measure
changes in quadriceps inhibition in patients during rehabilitation from ACLR.
Methods Ten patients (7M/3F; age 35 ± 8 years; BMI 26.0 ± 4.8 kg/m2) who had ACLR with patellar tendon autograft were
recruited. At 3 and 6 months postoperatively, patients’ knee extension peak torque was measured during maximum voluntary
isometric contraction (MVIC), magnetic stimulation-evoked contraction, and MVIC augmented with superimposed burst
magnetic stimulation to the femoral nerve. All tests were done bilaterally at 30° and 65° of knee flexion on a dynamometer.
Central activation ratio was calculated by dividing the peak torque before stimulation by peak torque after stimulation.
Results Patients had marked deficits in MVIC, with improvement from 3 to 6 months that was more apparent at 65° versus
30° (P < 0.05). There was significant deficit in stimulation-evoked torque on the involved side that diminished over time,
and this change occurred diﬀerently between the two angles (P < 0.05). Central activation ratio was lower on the involved
side versus the noninvolved side and this eﬀect was more prominent at 3 versus 6 months: combining the angles, mean central activation ratio on the involved and noninvolved sides, respectively, was 91.4 ± 7.6% and 97.5 ± 5.3% at 3 months, and
93.0 ± 7.8% and 95.8 ± 6.8% at 6 months.
Conclusions At 3 and 6 months after ACLR, there were significant deficits in quadriceps strength and activation. Quadriceps
activation levels were high (> 90%) for both sides at both time points. The substantial strength deficits at this postoperative
period may be largely due to muscle atrophy with limited contribution from central inhibition. Rehabilitation interventions
to normalize quadriceps strength should emphasize hypertrophic stimuli as opposed to neuromuscular activation strategies.
Level of evidence II, prospective cohort study.
Keywords Anterior cruciate ligament reconstruction · Quadriceps · Muscle strength · Rehabilitation · Muscle inhibition ·
Central activation ratio · Peripheral magnetic stimulation
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Persistent quadriceps weakness after anterior cruciate ligament (ACL) reconstruction is a well-documented, yet unresolved problem in orthopedic and sports rehabilitation [2,
20]. It is associated with functional limitations and disability
[6, 22], increased risk of secondary ACL injury [21], and
accelerated development of tibiofemoral osteoarthritis [27].
Determining the mechanism of quadriceps weakness is of
paramount importance, as this knowledge would encourage
patients to actively participate in their rehabilitation and
guide clinicians in providing eﬀective interventions to optimize quadriceps strength recovery.
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Quadriceps atrophy and inhibition have been proposed
as two possible mechanisms in the postoperative development of quadriceps weakness. Hypotrophy refers to reduction in volume of skeletal muscle fibers and is thought
to occur as a result of relative disuse via limited weight
bearing, immobilization, and decreased physical activity
after surgery [29]. Konishi et al. reported a 7% side-toside diﬀerence in quadriceps muscle volume measured
with magnetic resonance imaging in patients less than
1 year after ACL reconstruction [8]. Inhibition is defined
as diminished ability to voluntarily contract a muscle and
may be a result of alterations in intracortical, corticospinal, or spinal-reflexive excitability [15, 17]. Significant
quadriceps inhibition in patients after ACL reconstruction
was reported in several studies, with quadriceps activation
levels as low as 75%; whereas no significant inhibition was
found in other studies, with activation levels higher than
95% [14, 17, 25, 28].
Comparison across previous studies of quadriceps
inhibition is complicated by the wide range of follow-up
times (up to 15 years after surgery), with all but one study
done at 6 months or longer after ACL reconstruction [12,
13, 17, 25]. From a clinical perspective, knowledge about
onset and progression of quadriceps inhibition when a
patient is still undergoing rehabilitation is essential, so
that appropriate interventions can be implemented during rehabilitation to address this problem. Due to the lack
of longitudinal data on quadriceps inhibition after ACL
reconstruction, how quadriceps inhibition evolves during
the period of rehabilitation is unknown.
In addition, previous investigations of quadriceps inhibition used electrical stimulation of the quadriceps as a
means of obtaining force output beyond voluntary activation. Transcutaneous electrical stimulation using high
voltages and currents is known to be painful [9, 11]. This
may limit the utility of electrical stimulation as a method
of delivering supramaximal stimulation, as the high stimulation intensity may not be tolerated by the patient.
Peripheral magnetic stimulation oﬀers an alternative to
electrical stimulation. Transcutaneous magnetic stimulation of the femoral nerve results in activation of muscles at
levels approaching or exceeding maximal voluntary contraction [24], with little to no pain reported by subjects [9].
To date, peripheral magnetic stimulation has not been used
in the measurement of quadriceps inhibition in patients
after ACL reconstruction.
The purpose of this study was to use peripheral magnetic stimulation to measure changes in quadriceps inhibition in patients from 3 to 6 months after ACL reconstruction. The proposed hypothesis was that significant
quadriceps inhibition would be evident but would diminish
over time during rehabilitation.
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Materials and methods
Ten adults with primary unilateral ACL reconstruction
volunteered to participate in this study. Patients were
included into the study if they were at least 18 years old
and underwent ACL reconstruction using bone–patellar
tendon–bone autograft. Graft choice was restricted to one
type because previous research had shown that quadriceps muscle performance is aﬀected by the type of graft
used for ACL reconstruction [7, 16]. The sample included
seven males and three females, with median age of 32
(range 25–49) years. Patients were excluded if they had
a previous ACL reconstruction in either knee, concomitant ligament surgery or meniscal repair, posterior cruciate ligament deficiency, or were pregnant. Additionally,
patients were screened for the following contraindications
for the use of magnetic stimulation prior to admission to
the study: worked in a metal shop, metallic implants (e.g.,
cardiac pacemaker/defibrillator, aneurysm clip, carotid
artery vascular clamp, neurostimulator, insulin or infusion
pump, drug infusion device, bone growth/fusion stimulator, cochlear/otologic implant), or presence of a sensory
impairment. All patients underwent standard physical
therapy two to threee times per week for 4–6 months after
surgery. Patients wore a postoperative knee brace for 4
weeks (locked in extension during ambulation for the first
2 weeks).
All measurements were made at 3 months and 6 months
after ACL reconstruction. Patients were instructed to avoid
strenuous physical activity for 24 h before testing. Patients
began each data collection session by warming up on a
stationary bicycle at low resistance for 10 min. After the
warm-up, the following measurements were made with the
patient in supine position: passive knee flexion and extension range of motion (ROM), calf and thigh girth, and knee
joint laxity. Passive knee flexion and extension ROM was
tested using a standard goniometer. Using a tape measure,
calf girth was measured 3 inches (7.6 cm) inferior to the
apex of the patella and thigh girth was measured 3 inches
(7.6 cm) superior to the base of the patella. Knee joint
laxity was tested by quantifying anterior translation with
maximum manual pull using the KT-1000 Knee Ligament
Arthrometer (MEDmetric Corp., San Diego, CA).
Quadriceps strength and activation were tested bilaterally on an isokinetic dynamometer (Biodex System 2,
Biodex Medical Systems, Shirley, NY). The noninvolved
knee was tested first, followed by the involved knee.
Each subject was seated semi-reclined on the dynamometer chair with the trunk in 45° of flexion to expose the
femoral triangle and enable placement of the magnetic
stimulation coil over the femoral nerve. The dynamometer shaft was aligned with the lateral femoral epicondyle
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of each limb. For each limb at each testing session, the
dynamometer was calibrated with a level to designate the
vertical position of the knee adapter as 90° of knee flexion. Standard stabilization procedures were implemented
with cross-chest and thigh straps. Prior to testing with the
dynamometer, optimal location of the stimulating coil over
the femoral nerve was determined by administering single
pulses over the femoral triangle and finding the location
eliciting the greatest twitch response [9]. This location
was marked using adhesive tape to ensure consistency of
coil placement.
Quadriceps strength was tested by measuring maximum
voluntary isometric contraction (MVIC). The measurement was first made at 30° of knee flexion, followed by 65°
of knee flexion. The 65° angle was chosen because this is
approximately the angle of peak knee extension torque and
the 30° angle was also used in case the higher angle caused
patellofemoral compression and pain [23]. At each angle,
the contraction was held for 5 s and peak torque during
contraction was recorded. Each patient was provided verbal
encouragement and visual feedback of torque output on a
computer screen.
Following MVIC, peak torque elicited by magnetic stimulation without voluntary eﬀort was measured. Each subject
was instructed to relax the test limb while a maximumintensity magnetic stimulation pulse train was delivered at
a pulse frequency of 35 Hz for 3 s. Magnetic stimulation
was administered using MagStim Rapid (MagStim Corp.,
Whitland, Wales) with eight booster modules and a 110mm double circular stimulating coil. A magnetic stimulation
device consists of a high current pulse generator unit and
a stimulating coil. When current passes through the coil,
intense, rapidly changing magnetic fields are created. These
magnetic pulses penetrate clothing and soft tissue to produce electrical fields, and if the induced electrical current is
of suﬃcient amplitude and duration, depolarization of neural tissue occurs [18]. A control unit attached to the device
enabled delivery of a continuous pulse train at the desired
frequency. The stimulating coil was placed over the femoral
triangle at the pre-determined location. With this setup, the
device could generate a magnetic force field of up to 2 T.
Following the measurement of stimulation-evoked peak
torque, quadriceps activation was tested using the burst
superimposition technique [17, 25]. Each patient was
instructed to perform an MVIC, then after 2 s of MVIC, a
3-s pulse train was delivered to the femoral nerve at 100%
intensity. Peak torque before (T pre) and after (T post) the
initiation of the magnetic stimulation burst was recorded
for each repetition. Measurement of MVIC, stimulationevoked peak torque, and quadriceps activation were
each repeated three times at both angles, with a 30-s
rest between contractions to avoid the eﬀects of fatigue.
Prior to participation in the study, all participants signed

a written informed consent that was approved by the
institutional review board of Lenox Hill Hospital (IRB#
L06.02.013).

Statistical analysis
Peak torque during MVIC, pre-stimulation, and poststimulation at each angle and in each limb were, respectively, averaged across the three repetitions. Central activation ratio was defined as the ratio of Tpre to Tpost (Fig. 1).
Descriptive statistics were computed for each variable to
summarize demographic, ROM, knee laxity, limb girth,
MVIC, stimulation-evoked torque, and central activation
ratio data. Diﬀerences in knee ROM, knee laxity, and
limb girth between the involved and noninvolved sides at
3 months and 6 months were tested using paired-samples t
tests. Peak torque during MVIC, stimulation-evoked peak
torque, and central activation ratio were analyzed with
three separate three-way repeated-measures ANOVA (time
× side × angle). If significant interaction or main eﬀects
were found, post hoc pairwise comparisons were made
with Bonferroni corrections. Familywise significance level
of α = 0.05 was set a priori for all statistical analyses. All
analyses were performed using SPSS for Windows version
24 (IBM SPSS, Armonk, NY). This study was powered
to detect quadriceps inhibition (i.e., side-to-side diﬀerence in CAR) at 3 months. Based on previously published
variability of repeated measures of central activation ratio
[5], it was estimated that ten subjects would be enough to
detect a 9% diﬀerence between limbs in central activation
ratio with 80% power.

Fig. 1 Representative torque curve during quadriceps activation test.
Central activation ratio is calculated by dividing pre-stimulation peak
torque (Tpre) by post-stimulation peak torque (Tpost)
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Table 1 Patient characteristics
Number of patients

10 (7 males/3 females)

Age at surgery (years)
Height (cm)
Weight (kg)

34.7 ± 8.3 (range 25–49)
176.7 ± 6.7
82.0 ± 19.6

All values are mean ± SD

Results
Patient demographics and clinical outcomes are summarized
in Tables 1 and 2, respectively. No significant side-to-side
diﬀerence was found for ROM, limb girth, or knee laxity at
the 3-month and 6-month follow-up.
For MVIC, there was a marked side-to-side deficit (main
eﬀect of side P < 0.001), with improvement from 3 months to
6 months postoperatively (side by time interaction P = 0.015)
that was more apparent at the knee angle of 65° than at 30°
(side by time by angle interaction P = 0.022; Table 3). There
was a significant side-to-side deficit in stimulation-evoked
peak torque (main eﬀect of side P = 0.001). This deficit
diminished over time, from 3- to 6-month follow-up (time
by side interaction P = 0.019), and these changes over time
were diﬀerent between 30° and 65° of knee flexion (side by
time by angle interaction P = 0.038; Table 3).

Table 2 Clinical outcome
measures at 3 and 6 months
after ACL reconstruction

Central activation ratio was significantly lower on the
involved side compared to the non-involved side (main
eﬀect of side P = 0.02) and this eﬀect was more prominent at 3 months compared to 6 months postoperatively
(side by time interaction P = 0.026). Combining the two
knee angles, mean central activation ratio on the involved
and noninvolved sides, respectively, was 91.4 ± 7.6% and
97.5 ± 5.3% at 3 months (side-to-side diﬀerence 6.1 ± 7.7%),
and 93.0 ± 7.8% and 95.8 ± 6.8% at 6 months postoperatively
(side-to-side diﬀerence 2.8 ± 8.1%; Table 4). Individual and
mean central activation ratio data are presented in Fig. 2.

Discussion
The principal finding of this study is that the quadriceps
strength deficit identified in patients during rehabilitation
after ACL reconstruction was largely due to muscle atrophy rather than neuromuscular inhibition. This investigation
revealed substantial strength deficits in the involved quadriceps that improved over time, but were not fully resolved by
6 months after surgery. The marked deficits in stimulationevoked torque without voluntary eﬀort suggest the presence
of significant atrophy. The relatively high levels of quadriceps activation (i.e., central activation ratio > 90% for both
sides at both time points) indicate that muscle inhibition did

3-Month follow-up
Involved
Knee flexion ROM (°)
Knee extension ROM (°)
Thigh girth (cm)
Calf girth (cm)
Knee laxity (mm)

6-Month follow-up

Non-involved Diﬀerence Involved

138 ± 6
141 ± 6
6±3
8±4
42.5 ± 5.2 43.2 ± 5.3
36.6 ± 3.6 36.4 ± 3.7
9±2
9±1

3±5
2±4
0.7 ± 1.2
-0.2 ± 1.2
0±2

Non-involved Diﬀerence

138 ± 5
139 ± 6
6±2
7±3
43.6 ± 5.0 44.0 ± 5.1
36.9 ± 3.7 37.0 ± 4.0
10 ± 3
10 ± 2

1±3
1±3
0.4 ± 1.0
0.1 ± 0.8
0±3

All values are mean ± SD. No significant side-to-side diﬀerence at P = 0.05

Table 3 Maximum voluntary
isometric contraction (MVIC)
and stimulation-evoked peak
torque at 30° and 65° of knee
flexion at 3 and 6 months after
ACL reconstruction

3 Months

MVIC
30°
65°
Stimulationevoked
torque
30°
65°

6 Months

Involved

Non-involved

Deficit (%)

Involved

Non-involved

Deficit (%)

107.0 ± 42.9
175.0 ± 69.1

163.2 ± 50.0
264.0 ± 78.6

34.6 ± 14.1*
34.7 ± 8.6*

116.1 ± 35.1
202.6 ± 76.0

160.6 ± 41.8
258.2 ± 75.6

27.0 ± 13.0*
22.0 ± 12.2*

61.2 ± 23.8
105.2 ± 63.3

103.7 ± 45.2
168.0 ± 79.8

38.2 ± 19.6*
38.7 ± 20.4*

70.9 ± 31.1
115.9 ± 64.1

89.2 ± 37.1
140.6 ± 65.3

20.0 ± 14.2*
20.2 ± 15.0*

In newton-meters except otherwise stated. Mean ± SD
*Significant diﬀerence at Bonferroni-adjusted P = 0.0125
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Table 4 Mean pre-stimulation
peak torque (Tpre), poststimulation peak torque (Tpost),
and central activation ratio at
30° and 65° of knee flexion
at 3 and 6 months after ACL
reconstruction

3 Months

30°
Involved
Non-involved
65°
Involved
Non-involved

6 Months

Tpre (Nm)

Tpost (Nm)

Central activation ratio
(%)

Tpre (Nm)

Tpost (Nm)

Central activation ratio
(%)

105.5 ± 43.4
155.4 ± 55.9

110.4 ± 42.6
157.8 ± 54.8

94.3 ± 6.3*
99.2 ± 1.5*

118.5 ± 36.4
153.3 ± 43.8

122.0 ± 36.5
157.9 ± 43.9

94.8 ± 5.9
97.5 ± 3.8

174.0 ± 71.0
255.7 ± 69.9

195.8 ± 68.9
270.7 ± 70.0

88.5 ± 9.0*
96.8 ± 6.2*

197.2 ± 69.0
253.2 ± 65.7

217.7 ± 63.7
269.0 ± 65.2

91.3 ± 9.8
94.9 ± 7.8

Mean ± SD
*Significant side-to-side diﬀerence at Bonferroni-adjusted P = 0.0125

Fig. 2 Individual quadriceps
central activation ratio on the
involved and non-involved sides
at 3 and 6 months after ACL
reconstruction. Bold diamond
markers and lines represent
group means and standard
errors

not play a large role in the quadriceps strength deficits during rehabilitation from ACL reconstruction.
These results are consistent with a previous research
study by McHugh et al. using surface electromyography
[19]. In patients after unilateral ACL reconstruction, they
found minimal side-to-side diﬀerence in integrated electromyographic signal amplitude of quadriceps in patients 6
months postoperatively, indicating minimal contribution of
neuromuscular inhibition. Instead, they identified a significantly lower median frequency in the involved quadriceps
compared to the noninvolved side, suggestive of muscle fiber
atrophy.
The current findings of high quadriceps activity levels (> 90%) after ACL reconstruction challenge previously
reported deficits in quadriceps voluntary activation in patients

after ACL reconstruction. Urbach et al., using twitch interpolation technique, reported mean quadriceps voluntary activation
level of 85.3% on the involved side (84.0% on noninvolved
side) in patients 2 years after ACL reconstruction [28]. Similar
findings were reported by Kuenze et al. with central activation
ratio of 75.8% using electric stimulation burst superimposition
technique in patients at 34 months [14]. The length of time
of follow-up being much longer (> 2 years) may explain the
discrepancy in findings. Results from long-term follow-up may
be confounded by disuse from lack of participation in sports or
exercise, since low rates of return to preinjury level of activity
is well documented [1]. Other research studies conducted in
the relative short term after surgery (up to 6 months postoperatively) have reported similar activation levels as the current
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study, with mean activation levels ranging from 91% to over
95% [17, 25].
Caution is warranted when comparing results of the current
study, which used magnetic stimulation, with previous studies,
which used electric stimulation in twitch interpolation or burst
superimposition technique. Twitch stimulation may provide
insuﬃcient intensity to cause a supramaximal stimulation of
muscle contraction. Applying the burst-superimposition technique using electrical stimulation is known to be extremely
painful and subject’s intolerance of high stimulation intensity
limits its capacity to cause a supramaximal muscle stimulation
[9]. Peripheral magnetic stimulation used in the current study
oﬀers a better alternative to providing a truly supramaximal
muscle stimulation to study quadriceps activation.
This study has several limitations. First, no measurement
was made in the immediate postoperative period (i.e., less than
6 weeks). Postoperative pain, impaired knee ROM, and need
to protect the healing ACL graft make measurement of maximum quadriceps strength and activation diﬃcult to perform
in the immediate postoperative period. Therefore, the role
of muscle atrophy versus neuromuscular inhibition remains
unknown in the first several weeks after ACL reconstruction.
Secondly, information regarding patients’ previous and current activity levels and types of sports was not collected in the
current study. An individual’s specific training or activity level
may influence the “normal” baseline muscle activation level.
Kremenic et al. reported that, in their cohort of elite cyclists,
mean quadriceps central activation ratio at baseline was 83%,
which is substantially lower than levels typically reported in
the literature [10]. Future studies should take into account the
patients’ type and level of activity. Lastly, the sample size used
in this study was small and there were high within-group variances in peak torque values. Given the small sample size in
this study, there is a likelihood of a type II error with respect
to lack of a side-to-side diﬀerence in thigh girth and central
activation ratio at 6 months.
The current study found that the force-generating capacity
of the quadriceps was impaired independently of voluntary
eﬀort, suggesting the presence of muscle atrophy. The direct
implication of this finding is that postoperative rehabilitation
after ACL reconstruction should emphasize hypertrophic
stimulus as opposed to neuromuscular activation strategies. Specifically, eccentrically biased resistance training as
proposed by Gerber et al. [3, 4] may be more eﬀective at
normalizing postoperative quadriceps strength than interventions aimed at externally stimulating the muscle [26].

Conclusion
The results of this study provide evidence that the quadriceps weakness that patients experience during rehabilitation
after ACL reconstruction is largely due to muscle atrophy
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and not neuromuscular inhibition. Quadriceps strength deficit in the operated limb improves during the rehabilitation
period, but is not resolved by 6 months. Quadriceps activation level remained high during this period. Rehabilitation
specialists should implement interventions that target hypertrophy rather than neuromuscular stimulation.
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