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Abstract
Impaired corticomotor function arising from altered intracortical and corticospinal pathways are theorized to impede muscle 
recovery following anterior cruciate ligament (ACL) surgery, yet functional implications of centrally driven adaptations 
remain unclear. We aimed to assess relationships between quadriceps corticomotor and neuromechanical function after ACL 
surgery, and to compare with contralateral and control limbs. 16 individuals after primary, unilateral ACL surgery and 16 
sex- and age-matched controls participated. Corticomotor function was assessed using transcranial magnetic stimulation, 
and quantified via active motor thresholds (AMT), short-interval intracortical inhibition (SICI), and intracortical facilitation 
(ICF). Neuromechanical function was quantified via electromechanical delay, early and late-phase rate of torque develop-
ment (RTD0–50, RTD100–200), coefficient of variation, maximal voluntary isometric contraction (MVIC) torque, and central 
activation ratio. We observed significant correlations in the ACL limbs between: AMT and RTD0–50 (r = − 0.513, p = 0.031), 
SICI and RTD100–200 (r = 0.501, p = 0.048), AMT and SICI (r = − 0.659, p = 0.010), AMT and ICF (r = 0.579, p = 0.031), 
RTD0–50 and MVIC (r = 0.504, p = 0.023), and RTD100–200 and MVIC (r = 0.680, p = 0.002). The ACL limbs demonstrated 
higher AMT compared to controls (44.9 ± 8.4 vs. 30.1 ± 8.2%, p < 0.001), and lesser MVIC torque (2.37 ± 0.52 vs. 2.80 ± 0.59 
Nm/kg, p = 0.005) and RTD100–200 (6.79 ± 1.72 vs. 7.90 ± 1.98 Nm/kg/s, p = 0.006) compared to the contralateral limbs. Our 
findings indicate that lesser corticospinal excitability is associated with lesser early-phase RTD, and greater intracortical 
inhibition is associated with lesser late-phase RTD. These findings provide evidence of implications of altered intracortical 
and corticospinal pathways relative to the ability to rapidly generate quadriceps torque following ACL surgery.
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Introduction

Anterior cruciate ligament (ACL) injuries constitute a sig-
nificant portion of major knee joint injuries sustained by 
young, active individuals, affecting upwards of 250,000 in 
the United States annually (Griffin et al. 2006). Alarmingly, 
the recommended solution to restore joint stability following 

injury, ACL reconstruction, does not prevent knee osteoar-
thritis (OA) (Luc et al. 2014a, b), presenting a specific chal-
lenge to health care professionals. Post-traumatic quadriceps 
weakness is a hallmark characteristic among individuals 
with a history of ACLR (Lisee et al. 2019), posing a sig-
nificant threat to joint health by promoting an increased risk 
for reinjury (Grindem et al. 2016), and an accelerated onset 
(Oiestad et al. 2015) and progression (Culvenor et al. 2017) 
of symptomatic OA. Since articular cartilage degeneration is 
irreversible, the mainstay of prevention is early detection and 
intervention of modifiable sources of impairment. However, 
the underlying mechanisms of muscle dysfunction must be 
further explored to optimize the efficacy of evidence-based 
treatment models.

Neuromuscular adaptations, such as quadriceps weakness 
and central activation failure, are well documented among 
individuals with ACL surgery (Lisee et al. 2019). Over the 
past 15 years, a growing body of literature has implicated 
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brain plasticity as a contributor to persistent quadriceps dys-
function (Baumeister et al. 2008; Grooms et al. 2017; Norte 
et al. 2018b; Diekfuss et al. 2019; Kuenze et al. 2015; Luc-
Harkey et al. 2017; Pietrosimone et al. 2015a, b). Specifi-
cally, impaired corticomotor function arising from altered 
intracortical and corticospinal pathways are theorized to 
impede muscle recovery by creating less efficient brain-
to-muscle communication during voluntary effort follow-
ing ACL reconstruction. Transcranial magnetic stimulation 
(TMS) has been used to demonstrate higher active motor 
thresholds (AMT) (Kuenze et al. 2015; Lepley et al. 2015; 
Norte et al. 2018b; Pietrosimone et al. 2015a, b), suggesting 
the excitability of corticospinal projections to the quadriceps 
decreases after ACL reconstruction. Lesser corticospinal 
excitability (higher AMT) and greater intracortical inhi-
bition [lower short-interval intracortical inhibition (SICI) 
amplitude] are associated with decreased quadriceps torque 
(Lepley et al. 2014; Bodkin et al. 2019) and central activa-
tion failure (Luc-Harkey et al. 2017), supporting the poten-
tial clinical relevance of these impairments. Importantly, 
characteristics of intracortical and corticospinal excitability 
are modifiable (Kuhn et al. 2017; Nitsche and Paulus 2000; 
Pietrosimone et al. 2015a, b; Weavil et al. 2015), and may 
offer novel targets in clinical rehabilitation. While strength 
and activation are important metrics of muscle capacity, they 
may fail to characterize the extent of muscle function.

In addition to muscle weakness, gross neuromuscular 
dysfunction can manifest as an impaired ability to initiate 
[electromechanical delay (EMD)] (Kaneko et al. 2002), 
rapidly produce [rate of torque development (RTD)] (Kline 
et al. 2015), and control (coefficient of variation [CV]) 
(Goetschius and Hart 2016) force production via altered 
motor neuron recruitment and firing. We have operationally 
defined these characteristics as neuromechanical function 
(Blackburn et al. 2009), which may provide a more com-
plete description of dynamic muscle function. For example, 
non-contact ACL ruptures are reported to occur within the 
first 50 ms of initial contact during high-impact tasks when 
peak loading on the ACL is greatest (Weinhandl et al. 2013). 
Delaying the ability to initiate and rapidly generate force 
may place individuals at a greater risk for reinjury when 
performing dynamic tasks. Neuromuscular control of the 
knee has been identified as a predictor of second ACL injury 
(Paterno et al. 2010), suggesting that the diminished ability 
to smoothly control force production may further compound 
such risk. Therefore, neuromechanical function likely plays 
a pivotal role in the attenuation of everyday loading experi-
enced at the knee.

The relationship between centrally driven neurological 
adaptations and unique characteristics of muscle quality 
is not well understood. Previous authors have investigated 
relationships between corticomotor function and traditional 
strength measures (torque and central activation), yet none 

have assessed measures of neuromechanical function (EMD, 
RTD, CV) in this regard. In an effort to better understand the 
functional implications of altered corticomotor pathways, 
the relationships between measures of corticomotor and neu-
romechanical function must be established. Therefore, our 
purpose was to assess these relationships among individuals 
with a history of ACL surgery. To better understand the fac-
tors that could potentially influence existing relationships 
between corticomotor and neuromechanical outcomes, we 
aimed to further explore relationships between outcomes 
within each category. Our secondary purpose was to com-
pare outcomes to the contralateral and control limbs. We 
hypothesized that reduced corticomotor function (less cor-
ticospinal excitability and greater intracortical inhibition) 
would be associated with poor neuromechanical function, 
and that outcomes would be worse in the ACL injured limb 
compared to the contralateral and control limbs.

Methods

Study design

We used a cross-sectional design to assess the quadriceps 
corticomotor and neuromechanical function of individuals 
with a history of ACL surgery and controls. For aim 1, meas-
ures of corticomotor function (AMT, SICI, and intracortical 
facilitation [ICF]) were treated as explanatory variables for 
individual measures of neuromechanical function (maximal 
voluntary isometric contraction [MVIC] torque, EMD, RTD, 
CV, and central activation ratio [CAR]). Relationships were 
assessed for the ACL limb and matched control limb in each 
group. For aim 2, all measures of corticomotor and neuro-
mechanical function were compared between groups, and 
neuromechanical function was compared between limbs in 
the ACL group.

Participants

16 individuals with a history of primary, unilateral ACL 
surgery and 16 sex- and age-matched controls volunteered 
to participate in this study. ACL participants were recruited 
from our University medical center, student-body, and local 
community. To be eligible, ACL participants must have 
been 18–35 years old and more than 6 months from surgical 
reconstruction (n = 15) or repair (n = 1). Those with a his-
tory of failed reconstruction or repair, treated multi-ligament 
knee injury, treated articular lesion, surgical procedure other 
than the index knee surgery, or concussion were excluded. 
Graft type and meniscal procedure were reported descrip-
tively. Individuals without ACL injury who were free of 
lower extremity surgery or injury within 12 months were 
enrolled, and matched with ACL participants by sex and 
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age (± 2 years). Participants were instructed to refrain from 
caffeine and alcohol use during the 12 h prior to testing, and 
those who were taking prescribed stimulants or depressants 
were excluded. All participants were screened according to 
the safety and ethical guidelines for use of TMS in clinical 
practice and research (Rossi et al. 2011). Our Institutional 
Review Board for Biomedical Research approved this study, 
and all participants provided verbal and written informed 
consent prior to beginning the procedures below.

Procedures

Testing procedures were conducted during one session in 
the order described below. The order of testing was coun-
terbalanced in the ACL group based on the injured limb. 
Since control participants were matched at a 1:1 ratio, the 
control limb was determined based on which limb (domi-
nant or non-dominant) was injured. To allow ample time for 
recovery between neuromechanical and corticomotor testing, 
each participant was given approximately 10 min to rest in a 
seated position as previously described (Norte et al. 2018a). 
All participants self-reported their knee function using the 
International Knee Documentation Committee (IKDC) 
Subjective Knee Evaluation prior to neuromechanical and 
corticomotor testing.

Participant set‑up

Participants sat on a treatment plinth with the knees flexed 
to approximately 90 degrees, while the skin over the muscle 
belly of the vastus medialis obliquus (VMO) was shaved, 
cleansed with alcohol and debrided to minimize skin imped-
ance as previously described (Lepley et al. 2015; Luc-Har-
key et al. 2017; Norte et al. 2018b). Two circular Ag–AgCl 
disposable surface electromyography (EMG) electrodes 
(EL503, Biopac Systems Inc., Goleta, CA, USA) were 
placed over the muscle belly with an inter-electrode dis-
tance of 20 mm in accordance with established guidelines 
(Hermens et al. 2000). A ground electrode was placed over 
the contralateral medial malleolus. The EMG signal fidelity 
was verified by assessing cross-talk and ensuring a minimal 
standard deviation of ≤ 0.002 volts.

Neuromechanical

Participants were seated upright in a stationary dynamom-
eter (System 4 Pro, Biodex Inc., Shirley, NY), with the 
knee flexed to 90 degrees. Participants were instructed to 
keep their head and shoulders against the chair and to only 
use their thigh during strength testing. Padded straps were 
secured over the chest and lap to further reduce aberrant 
motion. In preparation for CAR assessment, two 3″ × 5″ self-
adhesive electrodes (ValuTrode, Axelgaard Manufacturing 

Co., Ltd) were placed over the quadriceps in a rectus femo-
ris configuration as previously described (Pietrosimone 
et al. 2011) to avoid the EMG electrodes. Next, participants 
completed a series of 4–5 familiarization trials at increas-
ingly greater intensities (25%, 50%, 75%, and 100% MVIC). 
Instructions were given to kick out as hard and as fast as 
possible for 3 s. Visual feedback was provided via TV moni-
tor and verbal encouragement/goal setting was delivered by 
the investigator to promote maximum effort. Three MVIC 
trials were then performed and assessed for MVIC torque, 
EMD, RTD, and CV. Two additional MVIC trials were per-
formed in which a supramaximal percutaneous electrical 
stimulus was manually delivered to the quadriceps based on 
a visual plateau of the torque output using the superimposed 
burst technique as previously described (Norte et al. 2018b). 
The transient increase in torque was used to calculate the 
CAR from the final two trials only. A minimum of 60 s rest 
between test trials was ensured. Testing was performed bilat-
erally in a counterbalanced fashion.

Corticomotor

Single- and paired-pulse TMS paradigms were used to 
assess corticospinal (AMT) and intracortical (SICI, ICF) 
pathways. Participants remained seated in the dynamometer 
chair, and wore a Lycra swim cap with a 1 cm x 1 cm grid to 
aid in determining the optimal stimulus location. Two lines 
were drawn on the swim cap, with one aligned from nasion 
to inion (longitudinal), and the other connecting the tragi of 
each ear (horizontal). The vertex was determined by measur-
ing 50% of the distance along the longitudinal and horizontal 
lines, and ear plugs were worn.

Participants were instructed to gently extend the knee to 
reach a threshold line equal to 5% of the previously deter-
mined MVIC torque displayed on a TV monitor. Further 
instructions were given to limit movement other than the 
test knee, and to completely relax, while remaining focused 
on the task. During testing, a 100 mm double-cone coil was 
positioned over the primary motor cortex contralateral to 
the test limb. Magnetic stimuli equal to 50% of the maxi-
mum stimulator output (BiStim2, Magstim Company Ltd., 
Wales, UK) were then delivered during the plateaued region 
of the contraction in a systematic fashion until the largest 
motor evoked potential (MEP) was observed. A minimum 
of 2 stimuli were delivered at each grid location, and in the 
case of visually inconsistent MEP amplitudes, the location 
that produced the largest and most consistent signals was 
used for testing. Once the optimal location was determined, 
the stimulus intensity was reduced in 5% decrements until 
the MEP was no longer observable (Norte et al. 2018b). 
The intensity was then increased in 1% increments until the 
MEP reappeared (≥ 100 µV) in 4 of 8 trials (Luc et al. 2014a, 
b). The lowest intensity capable of producing an MEP was 
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recorded as the AMT. Lastly, MEP (120% AMT), SICI (80% 
AMT, 3 ms inter-pulse internal, 120% AMT), and ICF (80% 
AMT, 15 ms inter-pulse internal, 120% AMT) amplitudes 
were calculated from 3 additional blocks of 8 stimuli per-
formed in a random sequence (Chen 2000; Thomas et al. 
2016). Testing was only performed on the ACL injured limb 
and matched control limbs. Previous research has reported 
no between-limb differences in AMT following ACL recon-
struction and in heathy controls (Norte et al. 2018b). There-
fore, we chose to omit testing from the contralateral limb to 
minimize risk exposure and time requirements.

Data reduction

Neuromechanical

EMG and force data were sampled at 1000 Hz, and col-
lected simultaneously using a 16-bit data acquisition sys-
tem (MP160, Biopac Systems Inc., Goleta, CA, USA) and 
AcqKnowledge software (v. 5.0, Biopac Systems Inc.). We 
assessed the frequency content of force and EMG data prior 
to digital filtering (finite impulse response, Blackman win-
dow), and visually assessed the onset of signals before and 
after filtering to confirm the absence of a phase shift. We 
applied a 15 Hz low-pass filter to all force data (Andersen 
et al. 2010). EMG data were band-pass filtered from 10 to 
500 Hz, band-stop filtered from 59.5 to 60.5 Hz, and ampli-
fied with a gain of 1000. The root mean square of filtered 
EMG signals was then taken using a 20 ms sample (Pamu-
koff et al. 2017). The scaling of the software display win-
dow was then adjusted to aid in the visualization of EMG 
and force onsets (horizontal time scale: 0.5 s, vertical EMG 
scale: 0.025 volts, vertical force scale: 0.5 volts). The mean 
and standard deviation (SD) of the baseline signals were 
calculated during the 200 ms prior to visual onset. The onset 
of EMG and force were considered when the signals reached 
3 SDs above the baseline mean (de Ruiter et al. 2004). Sig-
nals must have remained above 3 SDs for at least 50 ms 
to be considered “ON.” EMD was calculated as the time 
from EMG onset to force onset (ms). RTD was calculated 
as the change in torque divided by a specified time during 
early (0–50 ms) and late (100–200 ms) phases, and normal-
ized to body mass (Nm/kg/s). The horizontal time scale was 
then changed to 3 s, and CV was calculated during a 500 ms 
epoch by dividing the SD of the highest plateaued torque 
region by its mean, expressed as a percentage (%). MVIC 
torque was quantified by taking the average of the peak val-
ues recorded from each trial, and normalized to body mass 
(Nm/kg) (Goetschius and Hart 2016). CAR was calculated 
by dividing the mean torque from a 100 ms epoch prior to 
the electrical stimulus by the superimposed burst torque, 
expressed as a percentage (%).

Corticomotor

MEP signals were sampled at 2000 Hz and band-pass fil-
tered from 1–5000 Hz. The peak-to-peak MEP amplitudes 
were measured and averaged over 8 trials for MEP 120%, 
SICI, and ICF. SICI and ICF amplitudes were normalized 
to the MEP 120% amplitude, and expressed an unit-less 
ratios (Thomas et al. 2016).

Statistical analysis

A previous study reported that lesser AMT is associated 
with greater quadriceps MVIC torque (r = − 0.62) (Lepley 
et al. 2014). Based on the previously reported direction of 
this relationship, we chose to use one-tailed tests in our 
analyses. Using a moderate correlation of 0.6 (α = 0.05, 
1–β = 0.80), we estimated that 15 participants would be 
needed for each group to identify relationships between 
AMT and neuromechanical outcome measures if they 
existed (G*Power v. 3.1.9.4). Since AMT was considered 
the primary outcome measure, this was the only variable 
used in our sample size estimate.

Data were assessed for normality using the Shap-
iro–Wilk test, and visually inspected for outliers. Outli-
ers were operationally defined as any value exceeding 
3 × the interquartile range, and were removed from sta-
tistical analysis. Simple bivariate correlation coefficients 
(Pearson’s r) were used to assess the relationships between 
measures of corticomotor and neuromechanical function 
in the ACL group. To further describe any existing rela-
tionships, correlation coefficients were also used to assess 
the relationships within each category of variables. Cor-
relations were interpreted as negligible (0.0–0.29), low 
(0.30–0.49), moderate (0.50–0.69), high (0.70–0.89), or 
very high (0.90–1.0) (Mukaka 2012). We used the Ben-
jamin–Hochberg method to control for a false discovery 
rate of 5% among significantly correlated variables. A one-
way multiple analysis of variance was used to assess the 
effect of ACL surgery history on all normally distributed 
outcome measures for the injured limb. Paired-samples 
t-tests were used with a Benjamin–Hochberg correction 
to compare outcomes between limbs in the ACL group. 
The Mann–Whitney U test (between groups) and Wilcoxon 
Signed-Rank test (between limbs) were used to compare 
non-normally distributed outcomes. Cohen’s d effect sizes 
with 95% confidence intervals were calculated to demon-
strate the magnitude of between-limb and between-group 
differences. All data were evaluated at an alpha level of 
0.05, and statistical analyses were performed using the 
Statistical Package for the Social Sciences (v. 25, IBM 
Corporation, Armonk, NY, USA).
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Results

Group demographics are presented in Table 1. Individuals 
with a history of ACL surgery reported lower IKDC scores 
compared to controls. CV was non-normally distributed in 
the control (Shapiro–Wilk, p = 0.020) and contralateral (Sha-
piro–Wilk, p = 0.034) limbs, and all other variables were 
normally distributed. SICI and ICF data were not obtained 
in 4 participants in the ACL group and 1 participant in the 
control group due to the inability to elicit a measurable MEP 
during this portion of testing. Representative EMG tracings 
of these data are presented in Fig. 1. CAR data were not 
obtained in 2 control participants due to discomfort with 
the electrical stimulus. A total of 2 data points were identi-
fied as outliers and removed prior to analysis: ICF (ACL) 
and CV (control). Final analysis including the following: 
AMT (ACL injured n = 16, control n = 16), SICI (ACL 
injured n = 12, control n = 15), ICF (ACL injured n = 11, 
control n = 15), EMD (ACL injured n = 16, ACL contralat-
eral n = 16, control n = 16), RTD0–50 (ACL injured n = 16, 
ACL contralateral n = 16, control n = 16), RTD100–200 (ACL 
injured n = 16, ACL contralateral n = 16, control n = 16), 
MVIC torque (ACL injured n = 16, ACL contralateral n = 16, 
control n = 16), CV (ACL injured n = 16, ACL contralateral 
n = 16, control n = 15), and CAR (ACL injured n = 16, ACL 
contralateral n = 16, control n = 14).

Between‑category relationships

Correlations between categories of corticomotor and 
neuromechanical function are presented in Table 2 and 

Fig. 2 for individuals with a history of ACL surgery. We 
observed a moderate negative association between AMT 
and RTD0–50, and a moderate positive association between 
SICI and RTD100–200.

Within‑category relationships

Correlations within categories of corticomotor and neu-
romechanical function are presented in Table 2 and Fig. 2 
for individuals with a history of ACL surgery. AMT dem-
onstrated a moderate negative association with SICI and 
a moderate positive association with ICF. RTD0–50 and 
RTD100–200 demonstrated moderate positive associations 
with MVIC torque.

Between‑limb and between‑group comparisons

Group means for corticomotor and neuromechanical out-
comes are presented in Table 3. There was a statistically 
significant difference in corticomotor function between 
groups (F(8,14) = 5.45, p = 0.003, Wilk’s Λ = 0.243, 
observed power = 0.974). In particular, individuals with 
a history of ACL surgery demonstrated higher AMT val-
ues compared to controls (corrected model p < 0.001, 
d = − 1,78 95% CI [− 2.60, − 0.96]). Additionally, MVIC 
torque (p = 0.005, d = − 0.77 95% CI [− 1.51, − 0.04]) 
and RTD100–200 (p = 0.006, d = − 0.91 95% CI [− 1.64, 
0.18]) were lower in the ACL injured limb compared to 
the contralateral limb.

Table 1   Group demographics 
and ACL surgical characteristics

IKDC international knee documentation committee, PT patellar tendon, HT hamstrings tendon
*Statistically significant at p ≤ 0.05
a Fisher’s Exact Test

ACL (n = 16) Healthy (n = 16) p value

Sex 8 F, 8 M 8 F, 8 M 1.000a

Age (years) 20.4 ± 1.8 21.0 ± 1.7 0.325
Height (cm) 174.5 ± 9.1 174.5 ± 7.9 1.000
Mass (kg) 78.7 ± 19.2 75.9 ± 9.3 0.604
IKDC (0–100%) 83.0 ± 10.3* 98.1 ± 4.2* < 0.001
Tegner: preinjury (0–10) 9.3 ± 1.0 NA
Tegner: current (0–10) 7.5 ± 2.0 7.4 ± 2.0 0.930
Time from surgery (months) 33.9 ± 26.1 NA
Graft, n (%) 4 (25.0) PT

9 (56.3) HT
2 (12.5) allograft
1 (6.3) repair

NA

Meniscus procedure, n (%) 4 (25.0) no
3 (18.8) meniscectomy
9 (56.3) repair

NA
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Discussion

Our primary finding was that greater AMT associated with 
lesser RTD0-50 in those with a history of ACL surgery, sug-
gesting that individuals with less excitable corticospinal pro-
jections to quadriceps motor neurons generate early-phase 
torque slower, or to a lesser degree. Early rate of torque 
development is governed by neural factors, such as motor 
unit recruitment and discharge rate (Maffiuletti et al. 2016), 
which may explain its relationship with corticospinal excit-
ability. From a functional perspective, early-phase rate of 
torque development is reported to be associated with sport-
specific tasks (e.g., sprint performance) (Tillin et al. 2013), 
and a more sensitive indicator of change in neuromuscular 
function after ACL reconstruction (Angelozzi et al. 2012) 
as compared to traditional estimates of maximum torque. 
Moreover, this finding appears to be problematic for knee 
joint health considering that the ability to rapidly generate 
quadriceps torque is needed to resist perturbation, produce 
dynamic stability, and attenuate joint forces during early 
loading when ACL strain is greatest (Kernozek and Ragan 
2008; Weinhandl et al. 2013). In fact, data from previous 
authors (Blackburn et al. 2016) suggest that lesser early-
phase rate of torque development associates with greater 
peak vertical ground reaction force loading rates and heel 
strike transient magnitude in ACL reconstructed indi-
viduals during walking gait. These findings suggest that 

a diminished ability to rapidly generate torque early may 
contribute to the already increased risk for post-traumatic 
osteoarthritis in this population (Barenius et al. 2014) by 
altering knee joint loading characteristics during simple 
activities of daily living.

Lesser quadriceps corticospinal excitability has been 
demonstrated among individuals with ACL reconstruc-
tion compared to controls (Kuenze et al. 2015; Norte et al. 
2018b; Pietrosimone, Lepley et al. 2015; Lepley et al. 2015), 
with one study reporting a decrease in AMT from pre-sur-
gery to 6 months post-surgery (Lepley et al. 2015). The ACL 
group in our study demonstrated higher AMT compared to 
controls, supporting previous findings. We observed a large 
magnitude difference (mean difference = 14.8%), which 
exceeded an estimated minimal detectable change range of 
2.9–7.5% [standard deviation = 8.3; ICC3,1 = 0.792–0.970 
(Luc et al. 2014a, b)], suggesting its clinical relevance. 
Despite the current evidence base, our lack of understand-
ing the functional relevance of cortically driven impair-
ments has presented a major challenge to the development 
of therapeutic interventions that address these concerns. To 
elucidate this knowledge gap, previous studies have reported 
on the relationships between measures of corticomotor out-
comes and quadriceps strength (Lepley et al. 2014; Bod-
kin et al. 2019), central activation (Luc-Harkey et al. 2017; 
Lepley et  al. 2014), and patient-reported knee function 
(Pietrosimone et al. 2013) in this population. For example, 

Fig. 1   Surface electromyo-
graphic tracings depicting the 
MEP at 120% AMT, SICI, and 
ICF amplitudes for a representa-
tive participant in the ACL and 
control group
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greater AMT (lesser corticomotor excitability) is reported 
to be associated with lesser quadriceps torque (r = − 0.50 to 
− 0.62) and central activation (r = − 0.39 to − 0.64) (Bodkin 
et al. 2019; Lepley et al. 2014; Luc-Harkey et al. 2017), yet 
we did not observe these relationships. As these findings 
have not been consistently replicated (Norte et al. 2018a; 
Lepley et al. 2014), further investigation is warranted.

A second important finding was that lesser SICI ampli-
tude associated with lesser RTD100–200 in those with a his-
tory of ACL surgery, suggesting that individuals with greater 
intracortical inhibition generate late-phase torque slower, or 

to a lesser degree. This was an interesting and unexpected 
finding, given that the capacity of muscle to produce maxi-
mal strength is believed to predominantly govern late rate of 
torque development, rather than neural mechanisms (Maffiu-
letti et al. 2016; Andersen and Aagaard 2006). Regardless, 
neural drive remains a lesser contributor during the late 
phase, which may explain its relationship with intracorti-
cal inhibition. Previous authors (Luc-Harkey et al. 2017) 
have reported an association between lesser SICI amplitude 
(greater intracortical inhibition) and quadriceps central 
activation in ACL reconstructed individuals. Additionally, 

Fig. 2   Scatterplot depictions of statistically significant correla-
tion coefficients among individuals with a history of ACL surgery 
between a AMT and RTD0–50, b SICI and RTD100–200, c SICI and 

AMT, d ICF and AMT, e MVIC and RTD0–50, and f MVIC and 
RTD100–200. The dotted lines represent the line of best fit
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a weak relationship has been reported between higher late-
phase RTD and subjective knee function, suggesting that 
intracortical inhibition may indirectly affect patient percep-
tion. Collectively, these data provide evidence for the func-
tional relevance of intracortical pathways.

In addition to investigating the relationships between cor-
ticomotor and neuromechanical outcomes, we also wanted to 
explore relationships within each category to better under-
stand our findings. It is well established that corticospinal 
excitability, and subsequent motor control, is influenced by 
inhibitory and excitatory processes within the motor cor-
tex (Chen 2004). Our findings support this notion in that 
greater AMT was associated with lesser SICI and greater 
ICF amplitudes. This suggests that greater intracortical 
inhibition and facilitation associate with lesser corticospi-
nal excitability. Previous authors (Orth et al. 2003) have 
reported a strong association between the thresholds for SICI 
and ICF with AMT, more so than resting motor threshold, 
highlighting the importance of measuring these variables at 
a fixed percentage of an active contraction. In regard to the 

neuromechanical outcomes, early and late-phase RTD were 
each associated with MVIC torque. This appears to suggest 
that factors which diminish the ability to rapidly generate 
force have the potential to negatively affect the total force 
generating capacity.

Despite observing a relationship between several meas-
ures of corticomotor and neuromechanical function, AMT 
was the only variable that differed between groups. From a 
neuromechanical perspective, this conflicts with previous 
findings reporting longer EMD, slower RTD, lesser MVIC 
torque, higher CV (greater torque variability), and lesser 
CAR in individuals with a history of ACL reconstruction 
compared to controls (Goetschius and Hart 2016; Norte 
et al. 2018b; Kaneko et al. 2002; Johnson et al. 2018). In 
contrast to others, our sample appeared to be highly active, 
with the ACL group reporting mean pre-injury and current 
Tegner scores of 9.3 and 7.5, respectively. Although sub-
jective knee function was lower in the patient group, it is 
possible that participation in high-level physical activities 
could have accounted for a lack of differences from controls. 

Table 3   Comparisons of corticomotor and neuromechanical outcomes among individuals with a history of ACL surgery and controls

Abbreviations: AMT, active motor threshold; SICI, short-interval intracortical inhibition; ICF, intracortical facilitation; EMD, electromechanical 
delay; RTD, rate of torque development; MVIC, maximum voluntary isometric contraction; CV, coefficient of variation; CAR, central activation 
ratio
a  ACL group: SICI and ICF data were not obtained in 4 participants (inability to elicit measurable MEP during SICI and ICF only). The mean 
ICF value was identified as an outlier in one participant and was removed from analysis
b  Control group: SICI and ICF data were not obtained in 1 participant (inability to elicit measurable MEP during SICI and ICF only). The mean 
CV value was identified as an outlier in one participant and was removed from analysis
c  Comparison between ACL injured and ACL contralateral limbs
d  Effect sizes were calculated for each variable using the pooled standard deviation of the ACL injured and contralateral limbs. Negative effect 
sizes indicate a worse outcome for the ACL injured limb
e  Comparison between ACL injured and healthy control limbs
f  Effect sizes were calculated for each variable using the pooled standard deviation of the ACL injured and healthy control limbs. Negative effect 
sizes indicate a worse outcome for the ACL injured limb
g  Median values presented with interquartile range
h  Wilcoxon signed-rank test
i  Mann–Whitney U test
* Statistically significant at p ≤ 0.05 (Benjamin–Hochberg corrected)
† Statistically significant at p ≤ 0.05

ACL injureda ACL contralateral Controlb p valuec Effect size (95% CI)d p valuee Effect size (95% CI)f

Corticomotor
AMT (%) 44.9 ± 8.4† 30.1 ± 8.2† < 0.001 − 1.78 (− 2.60, − 0.96)
SICI 0.75 ± 0.26 0.83 ± 0.19 0.463 − 0.36 (− 1.12, 0.41)
ICF 1.00 ± 0.16 1.02 ± 0.16 0.502 − 0.15 (− 0.93, 0.63)
Neuromechanical
EMD (ms) 68.8 ± 27.4 70.1 ± 24.7 78.3 ± 25.8 0.696 0.05 (− 0.65, 0.75) 0.542 0.36 (− 0.41, 1.12)
RTD0–50 (Nm/kg/s) 7.68 ± 3.89 6.85 ± 3.06 7.15 ± 5.02 0.341 0.30 (− 0.40, 1.00) 0.565 0.19 (− 0.52, 0.90)
RTD100–200 (Nm/kg/s) 6.79 ± 1.72* 7.90 ± 1.98* 6.87 ± 1.76 0.006 − 0.91 (− 1.64, − 0.18) 0.581 − 0.03 (− 0.74, 0.67)
MVIC torque (Nm/kg) 2.37 ± 0.52* 2.80 ± 0.59* 2.58 ± 0.47 0.005 − 0.77 (− 1.51, − 0.04) 0.568 − 0.42 (− 1.12, 0.28)
CV (%) 1.21 ± 0.40 0.96 ± 0.64 g 0.84 ± 0.48 g 0.428 h − 0.47 (− 1.19, 0.24) .149i − 0.84 (− 1.57, − 0.11)
CAR (%) 85.0 ± 8.2 86.2 ± 8.3 81.4 ± 11.6 0.249 − 0.15 (− 0.85, 0.56) 0.732 0.36 (− 0.36, 1.09)
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Additionally, our control group demonstrated central acti-
vation failure to a greater extent than previous findings, 
suggesting the presence of gross inhibition. However, our 
control group was comparable to a previous report (Goe-
tschius and Hart 2016) of 50 controls based on IKDC (98.1 
vs. 98.9%), MVIC torque (2.58 vs. 2.57 Nm/kg), and CV 
(0.84 vs. 0.88%). Given that the only difference between our 
findings and this previous report was a discrepancy in CAR 
(81.4 vs. 91.0%), it is also possible that our participants were 
more apprehensive in response to the electrical stimulus, 
which could have lowered our values. Regardless, it is pos-
sible that additional between-group differences could have 
been masked by this finding. When assessing between-group 
effect sizes, we did observe a large magnitude deficit in CV 
from the ACL injured limb compared to the control limb, 
despite being statistically non-significant. This was the only 
variable in addition to AMT that demonstrated a homoge-
nous confidence interval, suggesting we were underpowered 
to detect this difference. When comparing outcomes between 
limbs, the ACL injured limb was significantly weaker (mod-
erate effect size) and generated less late-phase torque (large 
effect size) than the contralateral limb, demonstrating the 
presence of neuromechanical impairment. Based on our 
observed associations, these findings appear to lend further 
credence to the idea that corticomotor function should be 
considered in the treatment plan of these individuals.

Clinical implications

Target values of corticospinal excitability have been recently 
identified to discriminate levels of functioning among indi-
viduals with ACL reconstruction, which may provide useful 
clinical targets. For example, achieving an AMT ≤ 50.5% 
in the injured limb is reported to be an excellent discrimi-
nator of quadriceps strength indicative of satisfactory knee 
function (Bodkin et al. 2019), which could serve as an ini-
tial goal for neurophysiological recovery. As the individual 
progresses, achieving an AMT ≤ 39.5% is reported to be 
an acceptable discriminator of healthy status (Norte et al. 
2019). Applying these methods to determine optimal values 
of intracortical function may provide an additional clinical 
target for intervention.

Corticospinal excitability (AMT) and intracortical 
inhibition (SICI) were associated with aspects of rate of 
torque development, providing evidence for their clinical 
relevance. Previous studies have reported an increase in 
measures of corticospinal excitability (AMT, MEP ampli-
tude) using EMG biofeedback (Pietrosimone et al. 2015a, 
b), anodal transcranial direct current stimulation to the 
primary motor cortex (Nitsche and Paulus 2000), and iso-
metric muscle contractions (Weavil et al. 2015), likely as a 
result of increased motor unit recruitment and firing rates. 
However, lengthening muscle contractions are reported to 

preferentially enhance cortical excitability to compensate 
for reduced spinal excitability in comparison to isomet-
ric contractions (Gruber et al. 2009). Therefore, eccentric 
exercise appears to be an appropriate neurophysiologi-
cal adjunct in this population. Interestingly, resistance 
training can be modified to preferentially enhance early 
(fast-velocity concentric and eccentric) (de Oliveira et al. 
2013; Oliveira et al. 2016) and late-phase (high-intensity) 
(Andersen et al. 2010) rate of torque development, sug-
gesting this may be advantageous from a neuromuscular 
perspective. However, due to differences in the popula-
tion, intervention, and outcome measures studied, the most 
appropriate treatments and clinical targets remain unclear 
at this time.

Limitations

Our findings are limited in several ways. First, we analyzed 
a small sample, and may have been underpowered to detect 
several relationships between measures of corticomotor 
and neuromechanical function. For example, we observed 
evidence of a negative association between SICI and ICF, 
yet this failed to reach statistical significance (p = 0.055). 
We powered our study based on the relationship between 
AMT and MVIC torque given that these measures are 
most frequently cited, and were underpowered to observe 
group differences among all outcome measures assessed. 
Additionally, we used a liberal statistical approach to 
control for a false discovery rate, rather than the more 
conservative Bonferroni approach to correct for multiple 
comparisons among our selected outcomes. Therefore, it 
is possible that several findings occurred due to chance 
alone, and caution should be taken when interpreting. Sec-
ond, we did not compare corticomotor function between 
limbs in the ACL group. Although previous research has 
reported no between-limb differences in AMT after ACL 
reconstruction, we cannot be certain that our sample did 
not differ in this regard. Third, we chose to assess cortico-
motor function from the VMO to remain consistent with 
much of the current literature, yet, this approach may not 
characterize the function of the entire quadriceps muscu-
lature. Last, our cohort varied by sex, time from surgery, 
and surgical procedure. Although the generalizability of 
our findings is supported by our diverse cohort, these fac-
tors have been previously reported to influence quadriceps 
strength-related impairments (Kuenze et al. 2019). Fur-
thermore, it is unclear how such factors (among others) 
may confound the observed relationships. As we were not 
powered to account for confounding variables in our cor-
relational analyses, our findings should be considered as 
preliminary, and interpreted with caution.
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Conclusions

The primary findings of our study were that lesser corti-
cospinal excitability associated with lesser early phase 
rate of torque development, and that greater intracortical 
inhibition associated with lesser late-phase rate of torque 
development in individuals with a history of ACL surgery. 
The ACL injured limbs also demonstrated less corticospinal 
excitability compared to controls, and lesser peak torque and 
late-phase rate of torque development compared to the con-
tralateral limbs. These findings provide new evidence for the 
implications of altered intracortical and corticospinal path-
ways relative to the ability to rapidly generate quadriceps 
torque among individuals with a history of ACL surgery.
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