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Context: Altered corticospinal pathways contribute to quadriceps dysfunction following 

anterior cruciate ligament reconstruction (ACLR). To date, very few studies have 

explored the reliability of corticospinal excitability, as measured by transcranial magnetic 

stimulation (TMS), during functional tasks. Understanding the reliability of closed kinetic 

chain TMS measures can expand our knowledge of brain-to-muscle communication 

during activities of daily living by serving as a dynamic assessment tool to identify 

neuromuscular deficiencies that may relate to lower extremity injury in healthy, active 

individuals. Objective: To investigate the intersession reliability of TMS-derived 

outcomes of quadriceps corticomotor function during a single leg squat in healthy, active 

individuals. Design: A descriptive laboratory study with a test-retest design. Subjects: 18 

healthy active females (21.83 ± 2.57 years, 166.40 ± 6.43 cm, 66.26 ± 14.38 kg). 

Independent variable(s): Time (day 1 and 14) and limb (dominant and non-dominant) 

were assessed. Main Outcome Measure(s): Active motor threshold (AMT) and 

normalized motor evoked potentials (MEPs) were assessed in the vastus medialis (VM). 
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Results: The dominant AMT produced the highest reliability (ICCConsistency = 0.734, 

ICCAbsolute = 0.737, MDC = 6.77) with moderate agreement between sessions and 

acceptable degree of agreement through Bland-Altman plot analysis. However, the non-

dominant AMT produced the lowest reliability (ICCConsistency = 0.179, ICCAbsolute =0.188, 

MDC=18.39). Dominant (ICCConsistency = 0.179, ICCAbsolute =0.188, MDC=18.39) and 

non-dominant (ICCConsistency = 0.249, ICCAbsolute =0.238, MDC=15.53) MEPs had poor 

reliability. Conclusion: Although previous literature established that TMS is reliable 

when performing open kinetic chain tasks in the lower extremity, only the dominant limb 

AMT was moderately reliable in our study. We found that non-dominant AMT and 

bilateral MEP measurements have poor intersession reliability over a two-week period. 

Future research is likely warranted to improve the standardization of this technique prior 

to incorporating in outcomes research. Word Count: 290
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Chapter One 

Intersession Reliability of Quadriceps Corticospinal Excitability: A Functional TMS 

Study 

Introduction 

 

Anterior cruciate ligament (ACL) injuries are common especially in females, who 

are at a 4 to 6 times greater rate than males to sustain an injury during high risk sports.1 

The quadriceps are important for physical performance during functional tasks, especially 

following an ACL injury.2 This muscle group is essential for load distribution, shock 

attenuation, and force generation at the knee joint.3 Quadriceps neuromuscular deficits 

occurs after an ACL injury.4-7 One pathway that is frequently affected by ACL injury and 

reconstruction (ACLR) is the corticospinal tract. This pathway conducts motor impulses 

from the primary motor cortex down to the desired muscle, which has previously been 

referred to as corticomotor function. While quadriceps impairments are common, literature 

proposes that altered neural pathways may contribute to quadriceps dysfunction,8 thus 

offering potential for novel assessment and intervention. For example, lesser corticospinal 

excitability is associated with lesser quadriceps voluntary activation9 and rate of torque 

development,10 contributing to quadriceps strength deficits and poor biomechanics with 

functional movements in individuals with ACLR.  

 Transcranial magnetic stimulation (TMS) is used to investigate corticomotor 

function by non-invasively stimulating the brain with a rapidly changing magnetic field 

delivered to the scalp through a coil.11, 12 Single-pulsed TMS is used to measure active 

motor threshold (AMT) and motor evoked potential (MEP) amplitude by measuring the 
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electromyography (EMG) response following an external stimulus delivered to the motor 

cortex.13 MEP amplitude indicates the strength of corticospinal projections to peripheral 

muscle14 while AMT reflects the ability to excite descending neurons to generate a motor 

response.15 Together, TMS outcome measures reflect the excitability of corticospinal 

pathway.16 Individuals with ACLR have previously demonstrated increased AMT as well 

as decreased MEP amplitudes.15 This indicates that there is a neural/brain component to 

muscle dysfunction as a larger stimulus is needed to excite the corticospinal pathway to 

relay information from the brain to the quadriceps to produce a voluntary muscle 

contraction.12, 15, 17 Thus, there is lesser corticospinal excitability after injury, which implies 

that there is a neural component to muscle dysfunction, resulting decreased functional 

performance and possibly increased risk of re-injury. 

 Previous studies have found that AMT and MEP are reliable in assessing the 

integrity of the corticospinal tract during lower extremity muscle isometric contraction in 

healthy individuals.17-21 However, to date, very few studies17-20, 22 explore the reliability of 

TMS-derived indicators of corticomotor function during the performance of functional 

tasks, exclusively in open kinetic chain knee extension, which does not accurately represent 

the functional role of corticomotor excitability. Understanding the reliability of closed 

kinetic chain TMS measures can expand our knowledge of brain and muscle 

communication during sport-specific activities by serving as a dynamic assessment tool to 

identify another neuromuscular risk factor for lower extremity injury in healthy, active 

individuals. Therefore, the purpose of this study was to investigate the intersession 

reliability of quadriceps corticospinal excitability outcome measures (AMT and MEP 

amplitude) in the dominant and nondominant limbs during a single leg squat in healthy, 
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active females over 14 days. We hypothesized that during the performance of a single leg 

squat, AMT would have strong intersession reliability in the quadriceps, but MEP would 

have moderate intersession due to its high variability. 17 

 

Methods 

 

Study design. A descriptive laboratory study with a test-retest design was used to 

investigate the reliability of TMS-derived outcome measures during a single leg squat in 

healthy females. Participants reported to the laboratory at the same time of day on two 

separate days and were tested with an identical protocol during each testing session. The 

independent variables were time (day 1 and day 14) and limb (dominant and non-

dominant). The dependent variables were AMT and normalized MEP amplitudes at 120% 

AMT intensity.10, 13 

 

Participants. 18 healthy volunteers were enrolled in this study. All participants 

were recruited from the University population and the local community. Volunteers were 

included if they were females, aged 18 to 30 years old and reported a score of 5 or greater 

on the Tegner Activity Scale. All volunteers were screened based on eligibility criteria and 

for the use of TMS.23 Exclusion criteria consisted of participants that were pregnancy, had 

metal implants, intake of stimulants/medication that alters neural excitability, had a history 

of neurological or muscular disorder, and had any history of lower extremity injury within 

the last 12 months, lower extremity surgery, brain surgery, stroke, migraine, severe head 

injury, documented concussion within the last 12 months, and personal or familial seizure 

and/or epilepsy. All participants provided written and verbal informed consent for this 
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study, which was approved by the University of Toledo Institutional Review Board for 

Biomedical Research. 

 

Instrumentation. Knee extension torque data were collected using a stationary 

isokinetic dynamometer (System 4 Pro, Biodex Medical Systems, Inc., Shirley, NY) and 

digitized at 125 Hz via 16-bit data acquisition system (MP160, Biopac, Inc., Goleta, CA).  

Surface electromyography (EMG) of the vastus medialis (VM) was recorded using pre-

gelled Ag-AgCl electrodes (EL503) in accordance with published guidelines, sampled at 

2000 Hz, amplified at a gain of 1000, and bandpass filtered from 10-500 Hz. Force and 

EMG data were visualized in AcqKnowledge software (v. 5.0, Biopac, Inc.).  A 2T 

magnetic stimulator (Magstim BiStim2, Magstim Company, Ltd., Whitland, UK) with a 

110 mm double cone coil was used to assess measures of corticospinal excitability.10 All 

analyses and data visual aids were accomplished using SPSS Statistics (Version 25, IBM, 

Armonk, NY, USA) and Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) 

respectively. 

 

Procedures. The vastus medialis was tested on the dominant and nondominant 

limb. The dominant leg was determined by asking the subject which leg they would use if 

they were to kick a ball.24, 25 The order in which  limb was tested first was randomly 

assigned on the first day of testing and the order was maintained for the following testing 

session. The vastus medialis was identified as 80% of the distance from the anterior 

superior iliac spine and the anterior border of the medial ligament, according to Surface 

Electromyography for the Non-Invasive Assessment of Muscles (SENIAM) guidelines.26 
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EMG preparation. The participants’ skin was shaved, debrided, and cleansed with 

an alcohol wipe to minimize impedance. Two electrodes were each placed on the prepared 

vastus medialis directly below and above the identified 80% vastus medialis. Another two 

electrodes were placed on the proximal tibia as the ground as shown in Figure 1.  

 
Figure 1: EMG placement 

 

Maximal Voluntary Isometric Contraction and Quadriceps EMG Activation. 

Participants were seated in a stationary dynamometer with the hips and the tested knee 

flexed at 85 degrees and 70 degrees27 respectively. The participants were secured with 

straps to restrict excessive movement at their shoulders, lap, and ankle of the respective 

test limb. Participants were given a familiarization period by kicking against the stationary 

arm by kicking with 25%, 50%, 75% and 100% of their perceived maximal effort. To 

determine their MVICs, participants were instructed to extend the knee by kicking out as 

hard and fast as possible for three to five seconds10 for three trials. The torque tracing was 

displayed on a TV monitor for visual feedback and verbal encouragement was provided by 

the investigator to foster maximum effort.17 The peak torque was recorded during the three 

MVIC trials. The average of the middle one-second of the processed EMG signal of each 

MVIC was identified and 10 and 15 percent of the average were calculated. On the torque 
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tracing window of the proximal vastus medialis muscle activity, 10 and 15 percent MVIC 

threshold lines were displayed to provide visual aid to standardize the muscle activity for 

TMS derived outcome measurements.7   

“Hot Spot” Mapping. We unfasted the shoulder and lap straps of the dynamometer 

and placed a swim cap (Adult Lycra Cap, Oceano, CA) over their heads and earplugs in 

their ears to muffle any external noise.25 We ensured that horizontal line drawn on the swim 

cap was aligned with the participants’ tragi and that the vertical line was aligned from the 

nasal bone to the occipital protuberance.22 The participants were instructed to kick between 

the 10-15% MVIC threshold lines, as indicated by the visual feedback on the TV screen, 

and a stimulation of 50% TMS intensity was applied via the double cone coil to evoke an 

MEP. The coordinates on the cap were used to locate the spot where the largest MEP was 

produced, which was “the hot spot”. This coordinate was utilized to determine the AMT 

during the functional task.  

 

Figure 2: Patient positioning for Hot Spot mapping 

Functional TMS (fTMS). The participants were removed from the dynamometer 

and repositioned to stand facing a TV monitor 2 m away. The previously established 10% 

and 15% MVIC threshold lines of the processed proximal vastus medialis EMG signal 
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were displayed on the monitor. Participants were instructed to place their hands on their 

hips, transfer their weight to the test limb with non-test limb extended forward, and perform 

a single leg squat until their muscle activity was within the threshold lines. The participants 

descended to the appropriate muscle activation for 2 seconds prior to the stimulus being 

delivered. After each stimulus was delivered, participants reset to a double-limb stance. 

The investigator stood on a 0.37 m step behind the participant, holding the coil, and 

administered a single TMS pulse when the participant paused and maintained the required 

muscle activity. The TMS Motor Threshold Assessment Tool (MTAT), obtained online 

from http://www.clinicalresearcher.org/software.html, was used to determine the AMT. 

For each single leg squat, the TMS intensity was changed to the percentage determined by 

the TMS MTAT28 until the lowest intensity able to produce a measurable MEP was 

obtained, representing the AMT for the test limb.8 Immediately after obtaining the AMT, 

the stimulus intensity was increased to 120% of the AMT. Participants continued to 

perform single-leg squats until eight measurable MEPs were recorded at 120% of the AMT. 

A measurable MEP was defined as the peak-to-peak amplitude of the EMG waveform 

recorded after TMS stimulus, which corresponded with the latency of the previous trial. A 

2D camera (iPod, Apple Inc., Cupertino, CA) was placed on a 0.8m tripod, 2.01m away 

from the participant’s test limb to record the participants’ peak knee joint angle during each 

successful single leg squat to document the amount of knee flexion required to achieve 10-

15% muscle activity. After each limb was tested, the participant’s rate of perceived exertion 

(RPE) was noted. 
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Figure 3: Patient positioning for functional TMS testing 

 

Data Processing. The recorded MEP was normalized to the root-mean square 

(RMS) EMG, which was measured as the mean amplitude of 100 ms immediately prior to 

the stimulus. 

 

Statistical Analysis. Intraclass Correlation Coefficients (ICC) for internal 

consistency (ICCConsistency) and absolute agreement (ICCAbsolute)29 were used to assess 

intersession reliability for each TMS-derived outcome measure in the dominant and non-

dominant vastus medialis. ICCs were computed following removal of outliers following 

analysis of the correlation. Outliers were identified as being greater than two standard 

deviations away from the group mean. Reliability coefficients were interpreted as: poor 

(<0.5), moderate (0.5-0.75), good (0.75-0.9), and excellent (≥0.90).29 Standard error of 

measurement (SEM) was calculated to examine any variation in results. The minimal 

detectable change (MDC) score was calculated to identify the 95% confidence level of a 

change occurring beyond that which could be associated with measurement error. Bland-

Altman plots were used to investigate the absolute agreement between sessions.30 The peak 

knee flexion angle of the 18 participants during each single squat at 120% AMT and the 

rating of perceived exertion after testing each leg were calculated for descriptive data 

(mean and standard deviation) and compared between sessions using dependent t-tests. 
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Results 

Participants. Eighteen female participants were recruited between the ages of 18 

and 30. Participants’ demographic data is described in Table 1. All participants completed 

all testing sessions, creating a dropout rate of 0%. On day 1, participants obtained a knee 

flexion joint angle of 28.61 ± 10.42° on the dominant limb and 27.42 ± 9.67° on the non-

dominant limb. We saw similar knee flexion angles on day 14 (dominant = 27.68 ± 8.33, 

non-dominant = 29.47 ± 8.28). There were no significant differences between day 1 

(dominant = 8.36 ± 1.43; non-dominant = 8.08 ± 1.41) and day 14 (dominant = 7.33 ± 

1.29, non-dominant = 7.33 ± 1.16) in participants’ self-reported RPE. 

Table 1: Participant Demographics 

Participants (n=18) Mean ± SD 

Age (years) 21.83 ± 2.57 

Height (cm) 166.40 ± 6.43 

Mass (kg) 66.26 ± 14.38 

Dominant limb 18 Right/0 Left 

Tegner 5.83 ± 1 

Abbreviations: cm, centimeters; kg, kilograms; Tegner, Tegner activity scale 

 

Active Motor Threshold. All subject data were used to calculate the AMT ICCs 

and Bland-Altman plots at the day 1 and day 14 time points. All measures of reliability can 

be found in Table 2. The dominant VM AMT demonstrated moderate reliability 

(ICCConsistency = 0.734, ICCAbsolute = 0.737, p < 0.001), and all data points fell within the 

limits of agreement (LOA) in the Bland-Altman plot (Figure 4). The non-dominant VM 

AMT (ICCConsistency = 0.382) was lower than the dominant limb (ICCConsistency = 0.734) and 

had one Bland-Altman data point fall outside of the LOA (Figure 5). 
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Motor Evoked Potential. Data from 17 subjects were used for analysis of the 

MEPs collected at 120% of AMT at the day 1 and day 14. Both (ICCConsistency = 0.179, 

ICCAbsolute = 0.188, p=0.349), and non-dominant (ICCConsistency = 0.249, ICCAbsolute = 0.238, 

p=0.287), VM muscles demonstrated poor reliability. The dominant VM Bland-Altman 

plot displayed one data point outside the limits of agreement (Figure 6) whereas the non-

dominant VM displayed two one data point outside the limits of agreement (Figure 7). 

 

Table 2: Intersession Reliability of TMS-derived Outcomes Over 2 Weeks 

Measure n ICC 
(Consistency) 

95% CI 
ICC 

(Absolute) 

95% CI 

p-value SEM MDC 

Lower Upper Lower Upper 

Dom 

AMT 
18 0.734 0.42 0.89 0.737 0.42 0.89 < 0.001 2.44 6.77 

Dom 

MEP  
17 0.179 -1.27 0.70 0.188 -1.44 0.71 0.349 6.63 18.39 

Non 

AMT  
18 0.382 -0.09 0.713 0.357 -0.07 0.69 0.053 4.58 12.70 

Non 

MEP 
17 0.249 -1.07 0.73 0.238 -0.93 0.72 0.287 5.57 15.43 

Abbreviations: AMT 120%, Active Motor Threshold at 120% intensity; Dom, dominant 

limb; ICC, Interclass Correlation Coefficient; MEP, Motor Evoked Potential; n, number 

of participants included in analysis; Non, non-dominant limb; VM, vastus medialis  

 

   Good 

   Moderate 

   Poor 
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Figure 4: Dominant Vastus Medialis Active Motor Threshold Bland Altman plot. 

The solid line represents the mean difference of all AMT values between 

the 14 days. The dotted lines represent the LOA, which represent two 

standard deviations from the mean AMT. 
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Figure 5: Non-Dominant Vastus Medialis Active Motor Threshold Bland Altman plot. 

The solid line represents the mean difference of all AMT values between the 14 

days. The dotted lines represent the LOA, which represent two standard 

deviations from the mean AMT. 
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Figure 6: Dominant Vastus Medialis Motor Evoked Potential Bland Altman plot. 

The solid line represents the mean difference of all MEP values between the 14 

days. The dotted lines represent the LOA, which represent two standard 

deviations from the mean MEP. 
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Figure 7: Non-Dominant Vastus Medialis Motor Evoked Potential Bland Altman plot. 

The solid line represents the mean difference of all MEP values between the 14 

days. The dotted lines represent the LOA, which represent two standard 

deviations from the mean MEP. 
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Discussion  

 The aim of this study was to determine the intersession of reliability of quadriceps 

corticomotor function using TMS derived outcome measures (AMT and MEP amplitude) 

during a single leg squat. Our primary finding was that healthy active females’ quadriceps 

AMTs of the dominant and non-dominant limb demonstrated moderate and poor 

intersession reliability, respectively. Additionally, the normalized MEPs at 120% AMT of 

the dominant and non-dominant limbs demonstrated poor intersession reliability. These 

results somewhat conflicted with our a priori hypotheses.  

Previous research has demonstrated that corticospinal excitability measures in the 

quadriceps are reliable via acceptable ICC values and a good fit within Bland-Altman plots, 

which collectively gauge the degree and strength of associations.17 Our results contradicted 

what Proessl et al. found that TMS-derived outcome measures are more variable with a 

single leg task than a double limb task, which had greater test-retest reliability.22 There was 

varied reliability between limb corticospinal excitability during fTMS data collection. For 

our AMT, only the dominant limb was reliable seen with its moderate ICC values and all 

data points within a small range on a Bland-Altman plot. However, contrary to the 

reliability findings from a squatting task22, our MEP data from the single leg squat had poor 

ICC values and data outside of the limits of agreement of the Bland-Altman plots. The 

stronger reliability in the dominant limb during the single leg squat could be attributed to 

better neuromuscular control and balance with use of the dominant leg. Although Takeno 

et al. researched upper extremity muscles31, their study supported that AMT can be 

influenced by limb dominance. 
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Active Motor Threshold. The ICC fTMS calculation revealed that the dominant 

VM had the higher degree and strength of association between AMT measures over a two-

week period. Additionally, the dominant VM AMT was statistically significant with an 

acceptable MDC of 6.765. Scheurer et al. estimated a minimal detectable change range of 

2.9–7.5% for quadriceps AMTs measured in an open-chain to represent a physiological 

difference.10 Thus, our results suggest that the dominant AMT is sufficiently sensitive to 

be a reliable metric to assess the corticospinal excitability. However, the non-dominant VM 

produced the poorest reliability and a higher percentage of data points outside of the limits 

of agreement in the Band Altman plot, indicating that a large range between limits of 

agreement. This magnitude of difference in reliability between limb dominance was not 

previously reported in a seated knee extension.17 Luc et al. found moderate to strong 

reliability in both limbs during this open kinetic chain task.17 Furthermore, leg dominance 

affects motor behavior during an unstable task such as balancing.32 The large variation in 

non-dominant AMT can possibly be attributed to the unfamiliarity with using the non-

dominant limb to perform functional closed kinetic chain tasks. A single leg squat is a 

balance and strength task, which requires more motor control and increased corticospinal 

excitability of the quadriceps to recruit more motor neurons to complete the functional 

movement.33  

 

Motor Evoked Potentials. All normalized MEP at 120% AMT data had poor ICC 

statistics. The dominant MEPs were as reliable as the non-dominant MEPs. Both dominant 

and non-dominant quadriceps revealed MDC values greater than 5, indicating that a larger 

sample size and greater effect sizes may be required to detect changes in MEPs. All Bland-
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Altman plot analyses for all MEPs revealed wide LOA ranges with more than 5% of data 

points falling outside of the LOA, compared to the previously recorded AMTs. Also, the 

non-dominant VM had several data points close to the mean displayed on the Bland-

Altman plot analysis. Unlike our normalized MEP amplitude, MEPs were formerly found 

to be a reliable measure during seated knee extension17 and a double limb squat22. Our 

results agreed with a previous study which demonstrated that corticospinal excitability is 

sensitive to functional movement and can influence neuromuscular activity.22 It has been 

hypothesized that TMS- derived outcomes measures is influenced by body position and 

type of task.33, 34 Furthermore, another factor with could contribute the MEP variability 

was muscle length as corticospinal excitability differs at various muscle lengths.35 

Therefore, MEP amplitude is not a reliable metric to assess the corticospinal excitability. 

 

Limitations. During the fTMS assessment, we did not record the muscle activity 

of the antagonists or synergists muscles at the hip, knee, and ankle.22 That unaccounted 

muscle activity during the single leg squat could influence the reliability of the MEP values. 

Additionally, although we instructed participants to maintain a consistent schedule during 

two weeks of testing, it was difficult to control their activities of daily living between 

testing sessions. Any new change such as less sleep, decreased activity, increased caloric 

intake, increased stress, and increased caffeine intake could account for the variability in 

the TMS derived outcome measures. Furthermore, with repetitive testing, participants may 

have physiological muscle fatigue despite reporting a subjectively low RPE level of 

exertion score.  
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Clinical Significance. Our findings show that dominant AMT measures can be 

useful in outcomes-based research. Measuring corticospinal excitability during a functional 

task provides insight into corticospinal neural activity involved in the brain and muscle 

communication during everyday physical activity. Closed kinetic chain TMS measurement 

of the dominant limb can serve as a more dynamic assessment tool to identify another 

neuromuscular risk factor for lower extremity injury in healthy, active individuals. When 

investigating the clinical implications of fTMS, future research should control more 

variables to increase the reliability of a functional task.  

 

Conclusion 

 This study aimed to determine if quadriceps corticospinal excitability outcome 

measures in the dominant and nondominant limbs are reliability during a single leg squat 

in healthy, active females over a 14-day period. Unlike previous literature which 

established that quadriceps TMS-derived outcomes are reliable during a seated knee 

extension17, 22 and a double limb squat33, only dominant vastus medialis AMT was 

moderately reliable, which may provide more insight into corticomotor function during 

activities of daily living. However, we also found that non-dominant AMT and bilateral 

MEP measurements were not reliable metrics to assess the corticospinal excitability. 

Accordingly, future research is likely warranted to improve the standardization of this 

technique prior to incorporating in outcomes research. .  
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Appendix A 

The Problem 

Problem Statement  

The knee is the most commonly injured joint and more than 66% of activity-related 

injuries occur in the lower extremity.1 An anterior cruciate ligament (ACL) rupture is one 

of the most common traumatic knee injuries occurring in the United States.2 Following an 

ACL injury, quadriceps dysfunction is common and contributes to self-reported physical 

disability.3-6 ACL injury and reconstruction not only produce abnormal gait biomechanics 

with higher loading rates, contributing to cartilage degradation and osteoarthritis 

development7 but also affect corticomotor function of lower extremity muscles.8, 9 This 

neural impairment in individuals with ACL reconstruction manifest as inhibition or 

abnormal facilitation of uninjured musculature surrounding the injured joint, as a protective 

mechanism.3, 10 Research demonstrates that after injury, the quadriceps do not return to 

preinjury levels of neuromuscular function, causing long-term changes in muscle function 

and lower extremity movement, increasing the risk of reinjury.3, 11, 12 

Transcranial magnetic stimulation (TMS) is used to assess corticospinal excitability 

by non-invasively stimulating the brain with a rapidly changing magnetic field delivered 

to the scalp through a coil.13-15 A single TMS pulse applied over the contralateral primary 

motor cortex excites the cortical neurons to relay information through the descending 

corticospinal tract and alpha motor neuron to the peripheral muscle, eliciting a motor 

evoked potential (MEP).16-19 TMS can also be used to identify the lowest intensity needed 

to produce a measurable MEP from the target muscle during a tonic muscle contraction, 

which is known as the active motor threshold (AMT).10, 20 Individuals with an ACL 
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reconstruction have higher AMTs and lower MEP amplitudes,10, 13 indicating that there is 

decreased brain to muscle communication, resulting in quadriceps weakness,21 

dysfunction, and lower quadriceps rate of torque development in the injured limb.22 These 

factors can potentially increase the risk of reinjury.  

Existing literature has shown that TMS is a reliable measurement of corticospinal 

excitability.15, 23-26 However, when corticospinal excitability of the quadriceps is measured, 

participants are seated in an isokinetic dynamometer and are in a resting state and/or 

performing a sub-maximal voluntary isometric contraction. Utilizing TMS in a functional 

position is important as it may be a useful tool to identify risk factors for lower extremity 

injury, specifically to the ACL, in healthy active individuals. Additionally, functional TMS 

(fTMS) has the potential to expand our understanding of neural activity involved in the 

brain and muscle communication as well as to serve as an outcome measure for return to 

play decisions. To date, very few studies have explored whether AMT and MEP are reliable 

measures of the corticospinal excitability during the performance of functional tasks (e.g., 

single-leg squat). Therefore, the purpose of this study was to investigate the intersession 

reliability of TMS-derived outcomes of in assessing quadriceps corticomotor function 

during a single leg squat in healthy, active individuals.  

 

Research Question 

Are TMS-derived outcomes reliable when assessing quadriceps corticomotor 

function during a single leg squat in healthy, active individuals? 
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Experimental Hypothesis 

We hypothesize that AMT will have strong intersession reliability in the 

quadriceps, but MEP will have moderate intersession reliability during the 

performance of a functional task. 

 

Assumptions 

▪ Participants will exert maximum effort during the maximum voluntary isometric 

contraction (MVIC). 

▪ Electromyography (EMG) data accurately reflects the physiology of the entire 

vastus medialis. 

▪ Participants will perform the single leg squat to 10 to 15% of their maximal 

muscle contraction. 

▪ The hotspot represents the most excitable spot of the primary motor cortex. 

▪ Participants did not consume any stimulant or depressants such as caffeine, 

alcohol, and/or tobacco within 24 hours of data collection.  

 

Delimitations 

▪ The participant population will include individuals between the ages of 18 and 30 

years deemed physically active by a Tegner Activity Scale rating of 5 or greater. 

▪ Participant does not have a prior lower extremity injury within the last 12 months. 

▪ Participant does not have a previous medical history of lower extremity surgeries. 

▪ Participant has not had a concussion within the last 12 months. 
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▪ Participant does not have a history of neurosurgery, stroke, migraines, and/or 

severe head injury.  

▪ Participant does not have a known history of cardiopulmonary disorder and/or 

neurological or psychiatric disorders. 

▪ Participant does not have a current form of neuropathy. 

▪ Participant does not have an active or inactive implanted biomedical device. 

▪ Participant is not pregnant. 

▪ Participant is not currently taking any medications which may influence that alters 

neural excitability. 

 

Operational Definitions 

1. Active Motor Threshold (AMT) – the lowest stimulus intensity needed to elicit a 

measurable motor evoked potential response from the target muscle during a tonic 

contraction. 

2. Corticospinal Excitability – the ability of cortical neurons to relay information 

from the primary motor cortex to the peripheral muscle. 

3. Functional Transcranial Magnetic Stimulation (fTMS) – the assessment of TMS-

derived outcome measures during a dynamic task, such as a squat. 

4. Hotspot – the location on the primary motor cortex where the lowest intensity 

evoking the highest amplitude of motor evoked potential.  

5. Intersession Reliability – the degree to which the result of a measurement is 

accurate when compared between two different time points. 
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6. Motor Evoked Potential (MEP) – the amplitude of the electromyography (EMG) 

response needed to elicit a muscle contraction. 

7. Transcranial Magnetic Stimulation (TMS) – a painless, non-invasive, non-

imaging technique, based on electromagnetic induction of an electric field in the 

brain. This technique stimulates the brain through a rapidly changing magnetic 

field delivered to the scalp through a coil.  

 

Significance of Study 

Quadriceps dysfunction in individuals with ACL reconstruction (ACLR) 

contributes to poor self-reported knee function, less physical activity, and abnormal gait 

patterns. It is also a risk factor for osteoarthritis development. This study is significant 

because traditional approaches to resolve quadriceps dysfunction do not focus on the neural 

causes. Existing literature has demonstrated that corticomotor function changes following 

injury, but an assessment of quadriceps corticomotor excitability during a functional task, 

such as a single leg squat, does not exist. By understanding corticospinal excitability of the 

quadriceps of healthy active individuals during a single leg squat, we will be able to identify 

potential risk factors for lower extremity injury. 
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Appendix B 

Literature Review 

 

What is Corticomotor Function? 

Corticomotor function is the excitability of the corticospinal motor system,21 which 

is encompassed of intracortical and corticospinal pathways.27 The corticospinal tract begins 

in the primary motor cortex (M1) and the descending axons, travel to the ventral horn to 

synapse onto the lower motor neurons, which exit the spinal cord to contract muscle.17 This 

corticospinal pathway is essential in the production of voluntary muscle function.2 A 

decrease in corticospinal excitability would increase the need for greater synaptic input 

into the motor cortex.16 The intracortical pathway is the excitability of short inhibitory and 

facilitatory interneuronal circuits within the motor cortex.28 Knowledge of intracortical 

facilitation and inhibition helps to identify the activity of interneurons in the cortex and 

detects neuroplastic changes in cortical excitability through intracortical neurotransmitter 

receptors, specifically gamma aminobutyric acid and N-methyl-D-aspartate.13, 29 

 

What Assessments Are Used to Measure of Corticomotor Function?  

Electroencephalography (EEG), magnetoencephalography (MEG), and functional 

magnetic resonance imaging (fMRI) are primary non-invasive functional neuroimaging 

modalities used to assess brain activity.30 They allow for the visualization and analysis of 

the brain function and structure, specifically brain metabolism and neural firing.30, 31 

Transcranial magnetic stimulation (TMS) is a painless, non-invasive, non-imaging 

technique, based on Faraday’s law of electromagnetic induction.20, 32 A simple TMS device 
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is comprised of a few circular turns of copper wire connected to the terminals of a large 

electrical capacitance via a switch.32 When TMS is delivered over the primary motor cortex 

with adequate intensity, an electrical current is transmitted through a round coil of wire 

placed over the scalp.20, 33 This current generates a rapidly changing magnetic field over 

the scalp induced by a figure-of-eight coil also known as double-cone coil, which 

penetrates to the underlying cortical region without attenuation through the skull.14, 20, 34 

Coil shape and size, magnetic field strength, and frequency and duration of magnetic pulses 

delivered influences TMS.14 Thus, TMS helps in the understanding of the primary motor 

cortex and excitability of descending motor pathways in response to musculoskeletal 

injury.13  

TMS can be applied as one stimulus at a time (single-pulse TMS), in pairs of stimuli 

separated by a variable interval to the same or different brain areas (paired-pulse TMS), or 

in trains of repetitive stimuli at various frequencies (rTMS).20, 34 Single-pulse TMS allows 

routine evaluations of the excitability and conductivity of corticospinal motor pathways.34 

Single-pulse TMS allows for corticospinal excitability measurements through assessment 

of motor threshold (MT), motor evoked potential (MEP) amplitude, and cortical silent 

period duration (cSP). MEP is the amplitude of the electromyography (EMG) response 

needed to elicit a muscle contraction.35 A low MEP can be interpreted as less stimulus 

directed to the descending motor pathway, leading insufficient neural drive to generate a 

contraction. The cortical motor threshold is the lowest stimulus intensity needed to elicit a 

measurable MEP response from the target muscle.20 MT can be measured with the muscle 

at rest (RMT) or during tonic contraction (AMT).36 MT is increased when the excitation 

thresholds increase in pyramidal cells in the motor cortex.20 Evidence demonstrates that 
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MT is higher in patients with ACLR and chronic ankle instability (CAI), indicating that a 

larger stimulus is needed to excite descending cortical neurons.13 Thus, a high MT implies 

that there is increased inhibition of supraspinal regions associated with motor function as 

well as a decreased motor cortex excitability and decreased ability to produce a motor 

response, resulting in muscle weakness.  

Stimulation of the primary motor cortex induces an electric current in the brain 

tissue which produces a depolarization of neurons that is transmitted via the corticospinal 

tract to the contralateral peripheral muscle where a motor response can be recorded.15 MEP 

reflects the conduction of the descending corticospinal tract and determines the hotspot of 

the motor cortex. The motor hotspot is the optimal stimulation point where the lowest 

intensity evokes the highest amplitude of MEP.37 When the TMS stimulator is set at 50% 

output, the hotspot can be used to determine the MT by decreasing stimulus intensity until 

a barely discernable MEP is achieved.24 The recorded MEP was normalized to the root-

mean square EMG, which was measured as the mean amplitude of 100 ms immediately 

prior to the stimulus. 

In the paired-pulse paradigm, TMS stimulation can be delivered to a single cortical 

target using the same coil or to two different regions of the motor cortex using two different 

coils.34 Paired-pulse TMS allows for study of excitability of short-interval intracortical 

inhibition (SICI), long-interval intracortical inhibition (LICI) and intracortical facilitation 

(ICF).26 SICI occurs when an MEP generated by a subthreshold conditioning stimulus 

followed by a suprathreshold test stimulus at short interstimulus interval (<5ms) whereas 

LICI happens during a longer interval (>50ms).38, 39 _ENREF_21Higher levels of 

intracortical inhibition is  associated with lower cortical excitability39, resulting in muscle 
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inhibition. ICF uses paired pulses similarly to intracortical inhibition but has an 

interstimulus interval between the conditioning and testing pulses (>5ms).38 Less ICF 

indicates less facilitation of the muscle, also leading to muscle inhibition. 

 

What Is the Evidence of Corticomotor Impairment?  

Dysfunction in the corticomotor pathways affects the excitability of the motor 

cortex, the functional integrity of intracortical neuronal structures, the conduction along 

corticospinal tract, as well as the function of nerve roots and peripheral motor pathway to 

the muscles.20  Impaired corticomotor function alters muscle contractile ability, 

contributing to motor deficits and persistent dysfunction.13 Disability is evident after joint 

injury and/or surgery, including anterior cruciate ligament (ACL) ruptures and 

reconstructions, meniscectomy, osteoarthritis (OA), total knee arthroplasties, acute ankle 

sprain, and chronic ankle instability.3 Neuromuscular deficits such as muscle weakness, 

atrophy, and altered function are common following joint injury and change functional 

performance.3 Literature has demonstrated that knee function does not return to pre-injury 

levels and experience limitations post ACL reconstruction (ACLR).11 Furthermore, poor 

quadriceps function influences gait biomechanics.7 Since the quadriceps resists 

perturbation27, produces dynamic stability27, and attenuates joint forces27, decreased 

quadriceps rate of torque development (RTD) results in high-rate loading during walking 

and running.7 Increased loading rates exacerbate cartilage degradation, contributing to the 

development of knee OA after ACLR.7 

Additionally, maximal voluntary isometric contraction (MVIC), electromechanical 

delay (EMD), central activation ratio (CAR), and coefficient variance (CV) are common 
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measures of neuromechanical function.27 MVIC is a measure a measure of muscle strength. 

When measuring AMTs, participants are generally asked to sub-maximally contract the 

target muscle to about 5% of the MVIC.10, 27 Deficits in muscle strength as a result of 

impaired corticomotor function limits MVIC ability, which indicates that the decline in 

efficiency of the muscle to generate force.40 RTD is the ability of a muscle to produce 

torque rapidly.22 It estimates explosive voluntary force production41 by measuring the slope 

of the torque–time curve ( torque/  time) obtained during isometric conditions.42 RTD 

are classified as RTD is often classified as “early” and “late” for time intervals ≤100 ms 

and ≥200 ms, respectively.42, 43 Early RTD is associated with neural activation transmitted 

by motor neurons to muscles. Thus, deficits in Early RTD are related to the ability of the 

central nervous system to maximally activate the muscle in the early interval after initiation 

of the contraction.44 However, late RTD is related to maximal strength.45 This can affect 

the ability of the limb to generate sufficient moment especially during dynamic tasks.22 

Research has shown that lesser early-phase RTD is related with sport-specific tasks and 

less excitable corticospinal projections to quadriceps motor neurons after ACLR.27 

Following ACLR with patellar tendon autograft, patients have lower RTD and rate of knee 

extension moment in the reconstructed limb, as a result of changed knee loading and 

potentially increases injury risk and future development of post-traumatic osteoarthritis.22 

A decrease in function of the excitation-contraction coupling process is linked to prolonged 

EMD following ACLR. EMD is the time lapse between the onset of muscle electrical 

activation and the onset of force production.46 Individuals with ACLR have an increased 

EMD, which implies that there is muscle impairment in the quadriceps as well as a 
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decreased force attenuation at the knee joint. Less electromechanical delay is ideal for 

optimal neuromuscular function. 

Previously, motor dysfunction of an uninjured musculature surrounding an injured 

joint has been theorized to be a result of arthrogenic muscle inhibition (AMI).3, 13 MI is the 

mechanism where a muscle fails to act due to neural inhibition, changes in the discharge 

of articular sensory receptors, altered spinal reflex excitability, and abnormal cortical 

activity.47 These changes in sensory discharge and spinal inhibition are theorized to elicit 

changes in the supraspinal regions. AMI occurs secondary to mechanoreceptor damage, 

swelling, and pain that serves to inhibit descending motor neurons.13 AMI shuts down the 

efferent motor pathway and obstructs muscle rehabilitation by preventing muscle 

activation, gains in strength, and restoration of normal proprioceptive function.48 This 

results in chronic deficiencies, the potential for reinjury, and the risk of chronic 

degenerative joint conditions.48  

Muscle inhibition is manifested as a consequence of corticomotor impairment 

following injury. Existing literature suggests that reflexive excitability is likely affected in 

the early stages of injury such as 0 to 6 months following ACL surgical reconstruction, 

while corticomotor excitability is altered in chronic states of injury as far 4 years post-

surgery.13 However, there is limited evidence about the functional implications of 

corticomotor impairment, especially in uninjured individuals. Table B.1 provides a 

comparison of evidence of corticomotor impairment. Understanding how neuromuscular 

alterations affect function is essential for proper clinical management of lower extremity 

joint injuries. 
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What Is the Evidence of Transcranial Magnetic Stimulation Reliability?  

There are few reliability studies, which examine TMS outcome measures in the 

lower extremity. Table B.2 compares the current literature, which demonstrates that AMT 

has strong reliability and MEP has good reliability. To date, no investigations explored 

whether TMS outcome measures such as AMT and MEP are reliable assessments of the 

corticomotor pathway during functional tasks, similar to what is performed during sport-

specific activity e.g., single-leg land. 
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Table B.1. The table below displays the existing evidence of the impairment of TMS outcome measures in the lower extremity 

musculoskeletal pathology.  

 

Lower 

extremity 

Musculoskeletal 

Pathology 

Population Muscle 

tested 

Task 

Performed 

Impairment Clinical Manifestation 

Spinal-

Reflex 

Excitability 

Corticomotor 

Excitability 

 

Neuromechanical 

Measure 

ACLR10 

 

Individual

s with 

unilateral 

ACLR 

vastus 

medialis 

- Seated for 

AMT 

testing 

- Supine 

for reflex 

testing 

 

higher 

bilateral 

H:M ratio 

was in the 

ACL-R than 

the control 

Higher AMT in the 

injured than in the 

uninjured limb in the 

ACL-R group and in 

the matched limb of 

the control group 

Lower bilateral 

quadriceps CAR 

in the ACL-R 

compared with 

the control group 

Corticomotor deficits 

were present after 

surgery and require 

higher excitability to 

maintain voluntary 

activation. 

ACLR49 Individual

s with 

unilateral 

ACLR & 

healthy 

control 

Quadriceps - Seated 

isometric 

knee 

extension 

contraction 

for AMT 

testing 

- Supine  

with knees 

flexed to 

15° for 

quadriceps 

Normal 

H:M ratio 

Greater  

quadriceps AMT in 

the ACLR limb than 

the 

contralateral limb  

 

- Greater 

asymmetry in 

knee-extension 

MVIC torque & 

quadriceps CAR 

in ACLR group 

- Normal knee-

extension MVIC 

torque 

Asymmetry in 

quadriceps strength, 

activation, & cortical 

excitability persisted 

in individuals with 

ACLR beyond return 

to recreational 

activity, resulting in 

reduced self-reported 

function & increased 

rate of subsequent 

joint injury in healthy, 
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H-reflex 

testing 

 

active individuals after 

ACLR 

ACLR50 Individual

s with 

unilateral 

ACLR 

 

Quadriceps Stationary 

maximal 

effort, 

submaxima

l effort, or 

a resting 

state 

H:M ratio 

increased 

with peak 

vertical 

ground 

reaction 

force 

No between-limbs 

differences for 

quadriceps AMT. 

In ACLR limb, 

greater MVIC 

was associated 

with greater peak 

knee-flexion 

angle and less 

peak vertical 

ground reaction 

force. Greater 

CAR was 

associated 

with greater peak 

internal knee-

extension 

moment. 

Greater quadriceps 

MVIC and CAR may 

provide better energy 

attenuation during a 

jump-landing task. 

Individuals with 

greater peak vertical 

ground reaction force 

in the ACLR limb 

possibly 

require greater spinal-

reflex excitability to 

attenuate greater 

loading during 

dynamic movements. 

CAI8 Individual

s with 

unilateral 

CAI 

& healthy 

control 

Fibularis 

Longus 

Seated with 

a slightly 

flexed knee 

joint 

and the 

ankle 

secured in 

10° of 

N/A - Higher RMT in 

CAI group 

bilaterally. 

- Moderate 

negative correlation 

between RMT and 

Functional Ankle 

Disability 

N/A Corticospinal 

excitability deficits 

may be influential in 

altering function. 
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plantar 

flexion. 

Index (FADI) and 

FADI Sport 

CAI51 chronic 

ankle 

instability 

group, 

lateral 

ankle 

sprain 

coper 

group, and 

control 

Tibialis 

anterior  

single leg 

standing  

N/A Longer cSP at 100% 

intensities of AMT 

and lower 

normalized MEP at 

120% intensities of 

AMT in CAI group 

compared to lateral 

ankle sprain copers 

and controls. 

 

No significant 

difference in cSP at 

100% & 120% 

intensities of AMT 

& MEP at 100% & 

120% intensities of 

AMT among all 

groups. 

N/A Increased difficulty in 

controlling the tibialis 

anterior muscle during 

a single-leg stance, 

influencing postural 

control performance in 

those with CAI. 
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What Is the Evidence of Transcranial Magnetic Stimulation Reliability? 

 

Table B.2. The table below displays the existing evidence of TMS reliability studies of lower extremity muscles. 
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Study 

Title 

Reliability of 

transcranial 

magnetic 

stimulation-

related 

measurements 

of tibialis anterior 

muscle in healthy 

subjects 

Reliability of 

Corticomotor 

Excitability in Leg 

and Thigh 

Musculature at 14 and 

28 Days 

Reliability of Single and 

Paired-Pulse Transcranial 

Magnetic Stimulation in 

The Vastus Lateralis 

Muscle 

Reliability of 

corticospinal 

excitability 

estimates for the 

vastus lateralis: 

Practical 

considerations 

for lower limb 

TMS task 

selection 

Reliability of single- and 

paired-pulse transcranial 

magnetic stimulation 

for the assessment of 

knee extensor muscle 

function 

The amplitude 

of lower leg 

motor evoked 

potentials is a 

reliable 

measure when 

controlled for 

torque and 

motor task 

Study 

Authors 

Cacchio et al, 

2009 24 

 

Luc et al, 201415 O’Leary et al., 201526 

 

Proessl et al, 

202152 

Temesi et al, 2017 25 

 

van Hedel et 

al, 2007 23 

Population 50 healthy 

subjects (age 44.8 

years ± 16.5 

years) 

20 healthy volunteers 16 men (age 26 ± 5 years) 19 men (age: 25 

± 5 years) 

20 healthy adults (age 23 

± 5 years) 

20 healthy 

subjects 

Muscle 

Tested 

anterior tibialis - vastus medialis 

oblique  

- fibularis longus 

vastus lateralis vastus lateralis - vastus lateralis     

- rectus femoris 

- vastus medialis 

anterior 

tibialis 

Task 

Performed 

Seated Seated knee extension 

 

Seated maximal voluntary 

isometric contractions 

- Isometric knee 

extension  

- Squat 

Seated knee extension - Isotonic–

isometric 

contraction 

- 

Continuously 

increasing 

isometric TA 

contraction 

TMS MT MEP SPmax AMT  MEP RMT 

AMT 

SICI 

LICI 

MEP MEP 

SICI 

MEP 
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Outcomes 

Assessed 

MEP 

cSP 

ICF 

MVC 

LICI 

 

Time 

Points 

Measured 

3 sessions: 

- 2 sessions, at 

least 1.5 hrs apart 

- 1 session 4 wks 

later 

 

3 sessions:  

- baseline 

- day 14 

- day 28 

2 sessions:  

-1st session 3 

measurements at 4 hr 

intervals 

-2nd session at least 5 days 

apart from 1st 

2 sessions, 24 

hours apart 

 

3 sessions: 

1 familiarization session 

2 sessions the same time 

of day with 2–14 days 

between sessions 

2 sessions, at 

least 7 days 

apart 

Type of 

Reliability 

- Inter-

investigator 

- Intra-

investigator 

- Between-Session  

Intersession - Within-Day 

- Between-Day  

Intersession - Intrasession 

- Intersession 

Intrarater 

ICC Value Intra: 

0.98 

 

0.93 

 

0.95 

Dominant 

VMO: 

 

Day 14: 

AMT: 

0.96 

MEP:0.93 

 

Day 28: 

AMT: 

0.93 

MEP: 

0.71 

Dominant 

Fibularis: 

 

Day 14: 

AMT: 

0.96 

MEP: 

0.24 

 

Day 28: 

AMT: 

0.92 

MEP: 

0.047 

Within 

 

RMT:0.99 

AMT:0.98 

MEP:0.85 

cSP:0.97 

SICI80:0.84 

LICI:0.96 

ICF100:0.73 

MVC:0.82 

Between 

 

RMT:0.91 

AMT:0.92 

MEP:0.82 

cSP:0.83 

SICI80:0.68 

LICI:0.47 

ICF100:0.56 

MVC:0.70 

KE: 0.92 

 

Squat: 0.68 

 

Inter-

session: 

 

vastus 

lateralis: 

MEP:0.956 

SICI:0.538 

LICI:0.871 

     

rectus 

femoris: 

MEP:0.799 

SICI:0.357 

LICI:0.864 

 

Intra-

session: 

 

vastus 

lateralis: 

MEP:0.985 

SICI:0.630 

LICI:0.942 

     

rectus 

femoris: 

MEP:0.956 

SICI:0.827 

LICI:0.826 

 

10% MVC:  

ICCall: 0.29 

ICChealthy: 0.28 

 

20% of MVC: 

ICCall: 0.48 

ICChealthy: 0.46 

 

40% MVC:  

ICCall: 0.35 

ICChealthy: 0.37 

 

60% MVC:  

ICCall: 0.22 

ICChealthy: 0.28 

Inter: 

0.94 

 

0.79 

 

0.89 

Re-

test: 

0.97 

 

 

0.92 

 

 

0.95 



 43 

vastus 

medialis: 

MEP:0.84 

SICI:0.565 

LICI:0.879 

vastus 

medialis: 

MEP:0.966 

SICI:0.570 

LICI:0.933 

 

Reliability 

Category 

Good intra- and 

inter-investigator 

reliability for 

motor threshold, 

MEP latency, and 

SPmax in healthy 

subjects. 

Strong AMT 

reliability, 

Weak reliability at 

100 and 105% of 

AMT on both day 14 

and 28. 

MEP amplitude and cSP 

duration showed good 

within and between-day 

reliability. Intracortical 

facilitation showed 

moderate to good within-

day reliability but poor to 

moderate reliability 

between days. 

Knee extension 

showed better 

test–retest 

reliability and 

agreement for 

MEPMAX than 

the squat but 

force and EMG 

were similarly 

reliable. Force 

and MEPMAX 

were also greater 

during knee 

extension. 

Single-pulse MEPs 

elicited by strong and 

weak single pulses had 

excellent relative 

reliability and variability 

for strong single-pulse 

TMS was less than for 

weak single-pulse TMS 

Good 

reliability 

lower leg 

motor evoked 

potential 

amplitudes 
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Appendix C 

Additional Methods 

Specific Testing Protocol 

1. Biopac Setup  

a. Connect STM 100C, EMG 100C, UIM to MP160 unit 

b. Connect STMISOC to the STM100C via output jack  

c. Connect MP160 to the computer using a LAN wire  

d. Turn on MP160 unit and the computer  

e. STM100C Settings 

i. Source = OUT 

ii. Level = 100% 

iii. Polarity = POS 

iv. Current = DC 

f. EMG100C Settings 

i. Gain = 1000 

ii. LP = 5kHz 

iii. 100HzHP = off 

iv. HP = 1.0 Hz 
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g. STMISOC Settings 

i. Voltage Monitor = 0.5 V 

ii. Voltage Switch = Voltage (1:10) 200 V Max 

h. Plug active and dispersive electrodes into the STMISOC 

 

2. Acqknowledge 

a. Open Acqknowledge for Windows on computer 1 

i. Open Torque_EMG template 

ii. Select the attached MP160 unit  

b. MP160 | Set-up data acquisition | Channels | Analog 

i. Channel 2 

1. Sample Rate = 2000 Hz 

2. Label = proximal vastus medialis 

3. Check all boxes associated with this channel 
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c. MP150 | Show Manual Control 

i. Analog Outputs: Out 1 = 0.0  

ii. Analog Outputs: Out 2 = 10.0  

iii. Open data journal and stimulator window  

d. MP160 | Torque window  

i. Sample Rate = 1250 Hz 

ii. Constant = 145 

iii. Low pass 

iv. Window = Blackman -61 dB 

v. Freq.Co = 15 Hz 

vi. Number of Coefficients | Optimize for sample rate 

e. Click start button to confirm proper setup  

 

3. Subject Preparation - Electromyography 
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a. Position subject supine on the treatment table 

b. Measure and identify the vastus medialis with a marker 80% of the distance from the 

anterior superior iliac spine and the joint space in front of the anterior border of the 

medial ligament 

i. Shave an 8cm x 2cm area surrounding the identified spot 

ii. Debride skin with an abrasive pad or gauze  

iii. Clean with isopropyl alcohol  

c. Move the subject to a seated position in the Biodex 

d. Identify the vastus medialis during manually resisted isometric knee extension 

contraction 

i. Extend the knee without rotating the thigh while applying pressure against the leg 

above the ankle in the direction of flexion 

e. Place two surface EMG electrodes over the prepared distal vastus medialis directly below 

the 80% marker and another two electrodes over the prepared proximal vastus medialis 

directly above the 80% marker 

i. Parallel with muscle fiber orientation  

ii. Interelectrode distance of 2.0 cm  

f. Identify a prominent bony area on the anteromedial tibia for the ground (reference) 

electrode  

i. Shave a 4cm x 2cm area  

ii. Debride skin with an abrasive pad or gauze  

iii. Clean with isopropyl alcohol  

g. Place two disposable surface EMG electrodes each on the prepared tibial area 
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h. Attach the leads from channel 2 of the EMG100C unit to the proximal vastus medialis 

and the leads from the transcranial magnetic stimulation (TMS) EMG on computer 2 to 

the distal vastus medialis 

i. Proximal active electrode = Red lead 

ii. Distal active electrode = White lead 

iii. Ground (reference) electrode = Black lead 

 

 

4. Knee Extension MVIC in Biodex  

a. Turn on the main and computer power switches 

b. Remove any attachments from the dynamometer input shaft and select “OK” to proceed 

with initialization 
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c. Select “Biofeedback” 

 

d. Click “ROM SET” 

e. Select testing side (left or right) 
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f. Place the knee attachment to the dynamometer 

g. Use an inclinometer to measure 70 degree of knee flexion and press “Hold” to lock the 

position 

 

h. Set ROM as 70 degrees for away and toward 

i. Select Calibrate Position | Continue | Mode Isometric | Isometric 

j. Test Biodex for biofeedback (push or pull on the leg attachment) 

k. Seat the participant in the Biodex  

i. Raise/lower seat or move patient toward/away from dynamometer to align the 

patient’s lateral femoral condyle with the dynamometer shaft red dot 

l. Stabilize patient with shoulder, waist, and shank straps 
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i. Ensure that the subject was comfortable and that their movement was restricted 

ii. Provide instructions to the subject 

1. “Sit up straight” 

2. “Head back against the head rest” 

3. “Cross arms across chest” 

 

m. Open LabView Program on computer 1 

i. Select File | Desktop | Faculty | Norte | Active Research Studies | 201820 - LEAP | 

Templates | LabView Program | SMR_CAR 2000Hz 

n. Use LabView to display proximal vastus medialis torque onto television monitor in front 

of participant for visual feedback 

o. Click the start button in the Acqknowledge window 

p. Allow the subject to warm up by kicking against the stationary arm with 25%, 50%, 75% 

and 100% of maximal effort 
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q. Instruct subject to kick out as hard and fast as possible for 3-5 seconds 

i. Provide verbal encouragement during testing 

r. Collect 3 MVIC trials 

i. Allow 30 seconds of rest between trials 

s. Highlight each MVIC trial and record the mean, maximum, minimum, delta T, and time 

of the filtered proximal vastus medialis root mean square (RMS) channel in the data 

journal 

i. Repeat this procedure for the 3 recorded maximum trials 

 

 

5. TMS – Hotspot Mapping 

a. Keep EMG 100C set up and EMG electrodes in the same position from previous data 

collection 

b. Use previous Acqknowledge Torque_EMG template 

c. Create a 10% and 15% MVIC threshold line expression 

i. Select MP160 | Set-up data acquisition | Analog | Expression | Set-Up 

ii. Paste % MVIC  
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iii. Multiply the average maximum MVIC by 0.10 to obtain 10% MVIC 

iv. Repeat 7. f. i. to 7. f. iii. with 15% instead of 10% 

d. Ensure that the respective 10 and 15% MVIC lines is displayed on the Acqknowledge 

window 

 

e. Subject will be in the same position from previous data collection 

i. Unstrap the hip and shoulder restraints only 

f. Instruct participant to wear formable disposable ear plugs and a Lycra swim cap 

i. Frontal line aligns with each tragus in the x-axis 

ii. Sagittal aligns from the nasal bone to the external occipital protuberance in the y-

axis 
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g. Turn on the front and back power switches of the Magstim BiStim2 magnetic stimulator 

i. Box 1 = 50% intensity 

ii. Box 2 = [no setting] 

iii. Delay = 0 ms 

 

h. Connect EMG wires which correspond with the TMS 

i. Open Acqknowledge for Windows on computer 2 

j. Open Torque_TMS template 

i. TMS channel 1 = 2000Hz 
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k. Turn off the lights and close any open doors to reduce external noise. 

l. Position the TMS double cone coil above the participant’s head 

 

a. Click the start button in the data window on computer 1 and computer 2 

b. Instruct the subject to kick to in between the 10 and 15% MVIC threshold line for 3-5s 

c. Stimulate the participant with 50% TMS intensity once the EMG activity was at the 

required threshold  

d. Assess motor evoked potential (MEP) wave on the Acqknowledge template 
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e. Repeat 6. q. to 6. t. along the coordinate system on the Lycra swim cap until the largest 

MEP amplitude was found  

 

6. Functional TMS 

a. Detach the EMG wires and remove the participant from the Biodex 

b. Position the participant 2m in front of a visual feedback monitor screen and reattach the 

EMG wires 

c. Open TMS Motor Threshold Assessment Tool (TMS MTAT) on computer 2 

 

d. Instruct the participant to perform a single leg squat  
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i. “Place hands on hips” 

ii. “Transfer weight to the test limb and bend knee until the EMG activity is within 

10-15% threshold for 3-5s” 

 

e. Stimulate the participant with the displayed default TMS stimulus intensity at the hotspot 

once the EMG activity was at the required threshold  

f. Determine if an MEP was obtained 

i. If an MEP was measurable, select “yes” on TMS MTAT 

ii. If an MEP was not measurable, select “no” on TMS MTAT 

g. Set TMS intensity to the percentage displayed on the TMS MTAT 

h. Repeat 7. h. to 7. k. until the lowest AMT was achieved. 

i. Record this intensity as the active motor threshold (AMT) 
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i. Set the TMS intensity to 120% of the previously recorded AMT 

j. Position an iPod 2m away from the participant on a tripod, 0.8m tall, to measure the knee 

joint angle.  

i. Unlock iPod, open “Camera”, switch to “Video”, and press the red record button 

k. Instruct the participant to perform a single leg squat  

l. Stimulate the participant with 120% AMT. 

m. Record MEP 

n. Repeat 7. n. to 7. p. until 8 successful trials were obtained 

i. A successful trial was a recordable MEP 
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Executive Summary 
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Consent Form 
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Questionnaires 

 

Eligibility Checklist 
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Tegner Activity Scale 
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Rate of Perceived Exertion 
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Sample Size Estimation  
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Appendix D 

Additional Results 

Table D.1: Comparison of measures over a 14-day period 

Measure 
Dominant VM Non-Dominant VM 

Day 1 Day 14 Day 1 Day 14 

Normalized MVIC 

(Nm/kg) 
2.51 ± 0.86 2.30 ± 0.78 2.36 ± 0.94 2.41 ± 0.74 

AMT 120% 32.53 ± 5.83 31.67 ± 5.72 34.20 ± 5.72 31.40 ± 7.69 

Normalized MEP 13.18 ± 10.30 12.72 ± 8.61 12.93 ± 6.64 11.67 ± 9.06 

Knee Flexion 

Angle (°) 
28.61 ± 10.42 27.68 ± 8.33 27.42 ± 9.67 29.47 ± 8.28 

RPE 8.36 ± 1.43 7.33 ± 1.29 8.08 ± 1.41 7.33 ± 1.16 

 

Abbreviations: MVIC, maximum voluntary isometric contraction; AMT, active motor threshold; 

MEP, motor evoked potential; RPE, rate of perceived exertion 

 

Table D.2: Bland-Altman Plot Vastus Medialis AMT and MEP Data 

 

Outcome 

Measure  

Mean 

Difference  
SD 

Lower Limit 

of Agreement  

Upper Limit 

of Agreement  
Range  

% of Data 

Points 

Outside of 

LOA 

Dominant 

AMT 
0.722 3.511 -6.301 7.745 14.046 0.00 

Non-Dominant 

AMT  
2.556 6.280 -10.004 15.115 25.120 5.56 

Dominant MEP  -0.684 10.022 -20.728 19.361 40.089 5.88 

Non-Dominant 

MEP 
2.831 8.262 -13.692 19.355 33.047 11.76 

 

Abbreviations: AMT, active motor threshold; MEP, motor evoked potential; SD, standard 

deviation; LOA, limit of agreement 
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Table D.3: Comparison of descriptive data using independent t-test 

  

Knee Joint Angle  t-score p-value 

Dominant 0.505 0.62 

Non-Dominant -1.208 0.244 
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Appendix E 

Back Matter 

 

Recommendations for future research 

 For future research, I would recommend that more research is conducted with control and 

pathological populations. We can potentially strengthen the reliability of TMS-derived outcome 

measures. If the active motor threshold is reliable in both limbs during functional testing, we can 

utilize it in further outcome measure research. Then, we can use AMT to determine risk factors 

for lower extremity injuries. Additionally, clinicians can evidently use dominant AMT measures 

to target neuromuscular control post injury. 
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NATA Conference Abstract 

 

Context: Altered corticospinal pathways contribute to quadriceps dysfunction following anterior 

cruciate ligament reconstruction (ACLR). To date, very few studies have explored the reliability 

of corticospinal excitability, as measured by transcranial magnetic stimulation (TMS), during 

functional tasks. Understanding the reliability of closed kinetic chain TMS measures can expand 

our knowledge of brain-to-muscle communication during activities of daily living by serving as a 

dynamic assessment tool to identify neuromuscular deficiencies that may relate to lower 

extremity injury in healthy, active individuals. Objective: To investigate the intersession 

reliability of TMS-derived outcomes of quadriceps corticomotor function during a single leg 

squat in healthy, active individuals. Design: A descriptive laboratory study with a test-retest 

design. Subjects: 18 healthy active females (21.83 ± 2.57 years, 166.40 ± 6.43 cm, 66.26 ± 

14.38 kg). Independent variable(s): Time (day 1 and 14) and limb (dominant and non-

dominant) were assessed. Main Outcome Measure(s): Active motor threshold (AMT) and 

normalized motor evoked potentials (MEPs) were assessed in the vastus medialis (VM). Two-

way mixed effects intraclass correlation coefficients were used to assess intersession reliability 

for internal consistency (ICCConsistency) and absolute agreement (ICCAbsolute). Bland-Altman plots 

were used to further describe agreement between sessions. Minimal detectable differences with 

95% confidence intervals (MDC95) were calculated for significant findings. Results: The 

dominant AMT produced the highest reliability (ICCConsistency = 0.734, ICCAbsolute = 0.737, p < 

.011, MDC95 = 6.77) with moderate agreement between sessions and acceptable degree of 

agreement through Bland-Altman plot analysis. However, the non-dominant AMT produced the 

lowest reliability (ICCConsistency = 0.179, ICCAbsolute =0.188, MDC95=18.39). Dominant 
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(ICCConsistency = 0.179, ICCAbsolute =0.188, MDC95=18.39) and non-dominant (ICCConsistency = 

0.249, ICCAbsolute =0.238, MDC95=15.53) MEPs had poor reliability. Conclusion: Although 

previous literature established that TMS is reliable when performing open kinetic chain tasks in 

the lower extremity, only the dominant limb AMT was moderately reliable in our study. We 

found that non-dominant AMT and bilateral MEP measurements have poor intersession 

reliability over a two-week period. Future research is likely warranted to improve the 

standardization of this technique prior to incorporating in outcomes research. Word Count: 336 
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NATA Poster 

 

Intersession Reliability of Quadriceps Corticospinal Excitability: 
A Functional TMS Study

Kiana Young, AT, ATC, Grant Norte, PhD, AT, ATC, CSCS, Justin Rush, MS, AT, ATC , David Bazett-Jones, PhD, AT, ATC, CSCS, Adam Lepley, 
PhD, ATC 

Motion Analysis & Integrative Neurophysiology Laboratory , University of Toledo

@UToledo_MAINLab

Study Design: Descriptive laboratory study with 

a test-retest design

Subjects: 18 participants (age: 21.83 ± 2.57 

years, height: 166.40 ± 6.43cm, weight: 66.26 ±

14.38kg, dominant limb: 18 Right/0 Left)

Inclusion Criteria: 18-30 years old healthy active 

females with a Tegner Activity Scale rating ≥ 5 

Exclusion Criteria: lower extremity 

injury/surgery, history of severe head 

injury/illness, neurological or muscular disorder, 

medication that alters neural excitability

Independent Variables: 

Time at 2 levels: day 1 & day 14

Limb at 2 levels: dominant & non-dominant

Dependent Variables:

Active motor threshold 

(AMT, %)

Normalized motor 

evoked potential (MEP)

Procedures: 

MVIC - 3 trials

Hotspot Mapping

Functional TMS 

– 8 single leg squats to 10-15% MVIC at 120% 

AMT for each limb

Statistical Analysis: Intraclass correlation 

coefficient, standard error of measurement, 

minimal detectable change, Bland-Altman plots 

Although previous literature
established that TMS is reliable
when performing open kinetic
chain tasks in the lower
extremity, only the dominant
limb AMT was moderately
reliable in our study. We found
that non-dominant AMT and
bilateral MEP measurements
have poor intersession reliability
over a 14-day period. Future
research would need to improve
the methods such as including
large control and pathological
populations to enhance the
reliability of fTMS in outcome
measure research.

Altered corticospinal pathways
contribute to quadriceps
dysfunction following a knee
injury. To date, very few
studies explore the reliability
of corticospinal excitability, as
measured by transcranial
magnetic stimulation (TMS),
during functional tasks.
Understanding the reliability of
closed kinetic chain TMS
measures can expand our
knowledge of brain and muscle
communication during
activities of daily living by
serving as a dynamic
assessment tool to identify
neuromuscular deficiencies
that may relate to lower
extremity injury in healthy,
active individuals.

Purpose: to investigate the
intersession reliability of
quadriceps corticospinal
excitability outcome measures
(AMT and MEP amplitude) in
the dominant and
nondominant limbs during a
single leg squat in healthy,
active females over 14 days.

1. Luc BA, Lepley AS, Tevald MA, Gribble PA, White DB, 
Pietrosimone BG. Reliability of corticomotor excitability in 
leg and thigh musculature at 14 and 28 days. J Sport 
Rehabil. Nov 2014;23(4):330-8. doi:10.1123/jsr.2013-0069 
2. Pietrosimone BG, Lepley AS, Ericksen HM, Clements A, 
Sohn DH, Gribble PA. Neural Excitability Alterations After 
Anterior Cruciate Ligament Reconstruction. J Athl Train. 
Jun 2015;50(6):665-74. doi:10.4085/1062-6050-50.1.11
3. Proessl F, Beckner ME, Sinnott AM, et al. Reliability of 
corticospinal excitability estimates for the vastus lateralis: 
Practical considerations for lower limb TMS task selection. 
Brain Res. Mar 2 2021;1761:147395. 
doi:10.1016/j.brainres.2021.147395
4. Scheurer SA, Sherman DA, Glaviano NR, Ingersoll CD, 
Norte GE. Corticomotor function is associated with 
quadriceps rate of torque development in individuals with 
ACL surgery. Exp Brain Res. Feb 2020;238(2):283-294. 
doi:10.1007/s00221-019-05713-w

 

Measure n ICC 
(Consistency) 

ICC 
(Absolute) 

p-

value 
SEM MDC 

Dom 

AMT 
18 0.734 0.737 

< 

0.001 
2.44 6.77 

Dom 

MEP  
17 0.179 0.188 0.349 6.63 18.39 

Non 
AMT  

18 0.382 0.357 0.053 4.58 12.70 

Non 

MEP 
17 0.249 0.238 0.287 5.57 15.43 

Active Motor Threshold Bland-Altman Plots:

Motor Evoked Potential Bland-Altman Plots:

INTRODUCTION METHODS

Dominant Vastus Medialis
Active Motor Threshold 
is moderately reliable 

during a single leg squat 
over a 14-day period

 

   Good 

   Moderate 

   Poor 

RESULTS CONCLUSIONS

REFERENCES



 80 

Appendix F 

Bibliography 

 

1. Hootman JM, Macera CA, Ainsworth BE, Addy CL, Martin M, Blair SN. Epidemiology 

of musculoskeletal injuries among sedentary and physically active adults. Med Sci Sports 

Exerc. May 2002;34(5):838-44. doi:10.1097/00005768-200205000-00017 

2. Griffin LY, Albohm MJ, Arendt EA, et al. Understanding and preventing noncontact 

anterior cruciate ligament injuries: a review of the Hunt Valley II meeting, January 2005. 

Am J Sports Med. Sep 2006;34(9):1512-32. doi:10.1177/0363546506286866 

3. Pietrosimone BG, McLeod MM, Lepley AS. A theoretical framework for understanding 

neuromuscular response to lower extremity joint injury. Sports Health. Jan 2012;4(1):31-

5. doi:10.1177/1941738111428251 

4. Ingersoll CD, Grindstaff TL, Pietrosimone BG, Hart JM. Neuromuscular consequences of 

anterior cruciate ligament injury. Clin Sports Med. Jul 2008;27(3):383-404, vii. 

doi:10.1016/j.csm.2008.03.004 

5. Pamukoff DN, Pietrosimone BG, Ryan ED, Lee DR, Blackburn JT. Quadriceps Function 

and Hamstrings Co-Activation After Anterior Cruciate Ligament Reconstruction. J Athl 

Train. May 2017;52(5):422-428. doi:10.4085/1062-6050-52.3.05 

6. Pietrosimone BG, Lepley AS, Ericksen HM, Gribble PA, Levine J. Quadriceps strength 

and corticospinal excitability as predictors of disability after anterior cruciate ligament 

reconstruction. J Sport Rehabil. Feb 2013;22(1):1-6. doi:10.1123/jsr.22.1.1 

7. Blackburn JT, Pietrosimone B, Harkey MS, Luc BA, Pamukoff DN. Quadriceps Function 

and Gait Kinetics after Anterior Cruciate Ligament Reconstruction. Med Sci Sports 

Exerc. Sep 2016;48(9):1664-70. doi:10.1249/MSS.0000000000000963 



 81 

8. Pietrosimone BG, Gribble PA. Chronic ankle instability and corticomotor excitability of 

the fibularis longus muscle. J Athl Train. Nov-Dec 2012;47(6):621-6. doi:10.4085/1062-

6050-47.6.11 

9. Ward SH, Pearce A, Bennell KL, Pietrosimone B, Bryant AL. Quadriceps cortical 

adaptations in individuals with an anterior cruciate ligament injury. Knee. Aug 

2016;23(4):582-7. doi:10.1016/j.knee.2016.04.001 

10. Pietrosimone BG, Lepley AS, Ericksen HM, Clements A, Sohn DH, Gribble PA. Neural 

Excitability Alterations After Anterior Cruciate Ligament Reconstruction. J Athl Train. 

Jun 2015;50(6):665-74. doi:10.4085/1062-6050-50.1.11 

11. Bryant AL, Kelly J, Hohmann E. Neuromuscular adaptations and correlates of knee 

functionality following ACL reconstruction. J Orthop Res. Jan 2008;26(1):126-35. 

doi:10.1002/jor.20472 

12. Lepley AS, Ericksen HM, Sohn DH, Pietrosimone BG. Contributions of neural 

excitability and voluntary activation to quadriceps muscle strength following anterior 

cruciate ligament reconstruction. Knee. Jun 2014;21(3):736-42. 

doi:10.1016/j.knee.2014.02.008 

13. Needle AR, Lepley AS, Grooms DR. Central Nervous System Adaptation After 

Ligamentous Injury: a Summary of Theories, Evidence, and Clinical Interpretation. 

Sports Med. Jul 2017;47(7):1271-1288. doi:10.1007/s40279-016-0666-y 

14. Anand S, Hotson J. Transcranial magnetic stimulation: neurophysiological applications 

and safety. Brain Cogn. Dec 2002;50(3):366-86. doi:10.1016/s0278-2626(02)00512-2 



 82 

15. Luc BA, Lepley AS, Tevald MA, Gribble PA, White DB, Pietrosimone BG. Reliability 

of corticomotor excitability in leg and thigh musculature at 14 and 28 days. J Sport 

Rehabil. Nov 2014;23(4):330-8. doi:10.1123/jsr.2013-0069 

16. Weavil JC, Amann M. Corticospinal excitability during fatiguing whole body exercise. 

Prog Brain Res. 2018;240:219-246. doi:10.1016/bs.pbr.2018.07.011 

17. Van Wittenberghe IC, Peterson DC. Corticospinal Tract Lesion. StatPearls. 2020. 

18. Rossini PM, Rossi S, Babiloni C, Polich J. Clinical neurophysiology of aging brain: from 

normal aging to neurodegeneration. Prog Neurobiol. Dec 2007;83(6):375-400. 

doi:10.1016/j.pneurobio.2007.07.010 

19. Groppa S, Oliviero A, Eisen A, et al. A practical guide to diagnostic transcranial 

magnetic stimulation: report of an IFCN committee. Clin Neurophysiol. May 

2012;123(5):858-82. doi:10.1016/j.clinph.2012.01.010 

20. Kobayashi M, Pascual-Leone A. Transcranial magnetic stimulation in neurology. Lancet 

Neurol. Mar 2003;2(3):145-56. doi:10.1016/s1474-4422(03)00321-1 

21. Fisher BE, Wu AD, Salem GJ, et al. The effect of exercise training in improving motor 

performance and corticomotor excitability in people with early Parkinson's disease. Arch 

Phys Med Rehabil. Jul 2008;89(7):1221-9. doi:10.1016/j.apmr.2008.01.013 

22. Kline PW, Morgan KD, Johnson DL, Ireland ML, Noehren B. Impaired Quadriceps Rate 

of Torque Development and Knee Mechanics After Anterior Cruciate Ligament 

Reconstruction With Patellar Tendon Autograft. Am J Sports Med. Oct 

2015;43(10):2553-8. doi:10.1177/0363546515595834 



 83 

23. van Hedel HJ, Murer C, Dietz V, Curt A. The amplitude of lower leg motor evoked 

potentials is a reliable measure when controlled for torque and motor task. J Neurol. Aug 

2007;254(8):1089-98. doi:10.1007/s00415-006-0493-4 

24. Cacchio A, Cimini N, Alosi P, Santilli V, Marrelli A. Reliability of transcranial magnetic 

stimulation-related measurements of tibialis anterior muscle in healthy subjects. Clin 

Neurophysiol. Feb 2009;120(2):414-9. doi:10.1016/j.clinph.2008.11.019 

25. Temesi J, Ly SN, Millet GY. Reliability of single- and paired-pulse transcranial magnetic 

stimulation for the assessment of knee extensor muscle function. J Neurol Sci. Apr 15 

2017;375:442-449. doi:10.1016/j.jns.2017.02.037 

26. O'Leary TJ, Morris MG, Collett J, Howells K. Reliability of single and paired-pulse 

transcranial magnetic stimulation in the vastus lateralis muscle. Muscle Nerve. Oct 

2015;52(4):605-15. doi:10.1002/mus.24584 

27. Scheurer SA, Sherman DA, Glaviano NR, Ingersoll CD, Norte GE. Corticomotor 

function is associated with quadriceps rate of torque development in individuals with 

ACL surgery. Exp Brain Res. Feb 2020;238(2):283-294. doi:10.1007/s00221-019-05713-

w 

28. Seo HY, Kim GW, Won YH, Park SH, Seo JH, Ko MH. Changes in Intracortical 

Excitability of Affected and Unaffected Hemispheres After Stroke Evaluated by Paired-

Pulse Transcranial Magnetic Stimulation. Ann Rehabil Med. Aug 2018;42(4):495-501. 

doi:10.5535/arm.2018.42.4.495 

29. Masse-Alarie H, Elgueta Cancino E, Schneider C, Hodges P. Paired-Pulse TMS and 

Fine-Wire Recordings Reveal Short-Interval Intracortical Inhibition and Facilitation of 



 84 

Deep Multifidus Muscle Fascicles. PLoS One. 2016;11(8):e0159391. 

doi:10.1371/journal.pone.0159391 

30. Annavarapu RN, Kathi S, Vadla VK. Non-invasive imaging modalities to study 

neurodegenerative diseases of aging brain. J Chem Neuroanat. Jan 2019;95:54-69. 

doi:10.1016/j.jchemneu.2018.02.006 

31. Liu S, Cai W, Liu S, et al. Multimodal neuroimaging computing: a review of the 

applications in neuropsychiatric disorders. Brain Inform. Sep 2015;2(3):167-180. 

doi:10.1007/s40708-015-0019-x 

32. Rossini PM, Burke D, Chen R, et al. Non-invasive electrical and magnetic stimulation of 

the brain, spinal cord, roots and peripheral nerves: Basic principles and procedures for 

routine clinical and research application. An updated report from an I.F.C.N. Committee. 

Clin Neurophysiol. Jun 2015;126(6):1071-1107. doi:10.1016/j.clinph.2015.02.001 

33. Rossini PM, Rossi S. Transcranial magnetic stimulation: diagnostic, therapeutic, and 

research potential. Neurology. Feb 13 2007;68(7):484-8. 

doi:10.1212/01.wnl.0000250268.13789.b2 

34. Rossini PM, Rossini L, Ferreri F. Brain-behavior relations: transcranial magnetic 

stimulation: a review. IEEE Eng Med Biol Mag. Jan-Feb 2010;29(1):84-95. 

doi:10.1109/MEMB.2009.935474 

35. Brownstein CG, Ansdell P, Skarabot J, Howatson G, Goodall S, Thomas K. An optimal 

protocol for measurement of corticospinal excitability, short intracortical inhibition and 

intracortical facilitation in the rectus femoris. J Neurol Sci. Nov 15 2018;394:45-56. 

doi:10.1016/j.jns.2018.09.001 



 85 

36. Talelli P, Greenwood RJ, Rothwell JC. Arm function after stroke: neurophysiological 

correlates and recovery mechanisms assessed by transcranial magnetic stimulation. Clin 

Neurophysiol. Aug 2006;117(8):1641-59. doi:10.1016/j.clinph.2006.01.016 

37. Wang J, Meng HJ, Ji GJ, et al. Finger Tapping Task Activation vs. TMS Hotspot: 

Different Locations and Networks. Brain Topogr. Jan 2020;33(1):123-134. 

doi:10.1007/s10548-019-00741-9 

38. Wagle-Shukla A, Ni Z, Gunraj CA, Bahl N, Chen R. Effects of short interval intracortical 

inhibition and intracortical facilitation on short interval intracortical facilitation in human 

primary motor cortex. J Physiol. Dec 1 2009;587(Pt 23):5665-78. 

doi:10.1113/jphysiol.2009.181446 

39. Neto T, Sayer T, Theisen D, Mierau A. Functional Brain Plasticity Associated with ACL 

Injury: A Scoping Review of Current Evidence. Neural Plast. 2019;2019:3480512. 

doi:10.1155/2019/3480512 

40. Kaneko F, Onari K, Kawaguchi K, Tsukisaka K. The main factor causing prolonged 

reaction time on force producing process following anterior cruciate ligament 

reconstruction. Hiroshima J Med Sci. Dec 2000;49(4):145-51.  

41. Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, Tillin N, Duchateau J. Rate of force 

development: physiological and methodological considerations. Eur J Appl Physiol. Jun 

2016;116(6):1091-116. doi:10.1007/s00421-016-3346-6 

42. Andersen LL, Aagaard P. Influence of maximal muscle strength and intrinsic muscle 

contractile properties on contractile rate of force development. Eur J Appl Physiol. Jan 

2006;96(1):46-52. doi:10.1007/s00421-005-0070-z 



 86 

43. Folland JP, Buckthorpe MW, Hannah R. Human capacity for explosive force production: 

neural and contractile determinants. Scand J Med Sci Sports. Dec 2014;24(6):894-906. 

doi:10.1111/sms.12131 

44. Morel B, Rouffet DM, Saboul D, Rota S, Clemencon M, Hautier CA. Peak torque and 

rate of torque development influence on repeated maximal exercise performance: 

contractile and neural contributions. PLoS One. 2015;10(4):e0119719. 

doi:10.1371/journal.pone.0119719 

45. Cossich V, Maffiuletti NA. Early vs. late rate of torque development: Relation with 

maximal strength and influencing factors. J Electromyogr Kinesiol. Dec 2020;55:102486. 

doi:10.1016/j.jelekin.2020.102486 

46. Conchola EC, Thiele RM, Palmer TB, Smith DB, Thompson BJ. Effects of 

neuromuscular fatigue on electromechanical delay of the leg extensors and flexors in 

young men and women. Muscle Nerve. Nov 2015;52(5):844-51. doi:10.1002/mus.24598 

47. Sonnery-Cottet B, Saithna A, Quelard B, et al. Arthrogenic muscle inhibition after ACL 

reconstruction: a scoping review of the efficacy of interventions. Br J Sports Med. Mar 

2019;53(5):289-298. doi:10.1136/bjsports-2017-098401 

48. Palmieri RM, Weltman A, Edwards JE, et al. Pre-synaptic modulation of quadriceps 

arthrogenic muscle inhibition. Knee Surg Sports Traumatol Arthrosc. Jul 2005;13(5):370-

6. doi:10.1007/s00167-004-0547-z 

49. Kuenze CM, Hertel J, Weltman A, Diduch D, Saliba SA, Hart JM. Persistent 

neuromuscular and corticomotor quadriceps asymmetry after anterior cruciate ligament 

reconstruction. J Athl Train. Mar 2015;50(3):303-12. doi:10.4085/1062-6050-49.5.06 



 87 

50. Ward SH, Blackburn JT, Padua DA, et al. Quadriceps Neuromuscular Function and 

Jump-Landing Sagittal-Plane Knee Biomechanics After Anterior Cruciate Ligament 

Reconstruction. J Athl Train. Feb 2018;53(2):135-143. doi:10.4085/1062-6050-306-16 

51. Terada M, Kosik KB, McCann RS, Drinkard C, Gribble PA. Corticospinal activity during 

a single-leg stance in people with chronic ankle instability. J Sport Health Sci. Aug 28 

2020;doi:10.1016/j.jshs.2020.08.008 

52. Proessl F, Beckner ME, Sinnott AM, et al. Reliability of corticospinal excitability 

estimates for the vastus lateralis: Practical considerations for lower limb TMS task 

selection. Brain Res. Mar 2 2021;1761:147395. doi:10.1016/j.brainres.2021.147395 

 


	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Chapter One
	Discussion
	Conclusion

