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ABSTRACT 
 

 Lower extremity muscle weakness is a major, and potentially costly, concern for 

many load-restricted patient populations (e.g., elderly individuals, post-surgical patients, 

etc.). If left untreated, prolonged deficits in muscle function can lead to a variety of negative 

health outcomes including altered biomechanics, increased risk for injury, and decreased 

patient reported quality of life. To overcome this problem, low load exercise with blood flow 

restriction therapy (LL-BFRT) has been suggested as an alternative treatment approach for 

improving muscle strength when high load resistance exercise may be unachievable or 

contraindicated. However, to determine the potential benefits and clinical utility of LL-

BFRT, we must investigate the underlying neuromuscular mechanisms and overall effects of 

LL-BFRT in healthy and clinical populations.  

 Therefore, the purpose of manuscript I was to determine the effects of LL-BFRT on 

motor unit recruitment and motor unit behavior compared to standard LL exercise without 

BFRT in healthy adults. In this study, compared to LL exercise without BFRT, we identified 

that exercising under BFRT increased overall motor unit recruitment and altered motor unit 

behavior of the vastus lateralis and significantly increased participant’s rating of perceived 

exertion. These results indicate that LL-BFRT may be an effective method for increasing 

muscle activation and perceived exercise difficulty without increasing load and mechanical 

tension during exercise. 

 The purpose of manuscript II was to examine the effects of LL-BFRT on muscle 

strength and limb symmetry in patients with quadriceps strength deficits following anterior 

cruciate ligament reconstruction (ACLR) compared to a true control condition. We identified 

that female patients treated with LL-BFRT experienced significant improvements in 
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isokinetic quadriceps strength and limb symmetry at 90 º/s when controlling for baseline 

values. However, no significant between group differences were found for isokinetic or 

isometric quadriceps strength and limb symmetry at 180 º/s and 90 º of knee flexion, 

respectively. These results provide preliminary evidence to support the utilization of LL-

BFRT for improving quadriceps strength in patients with lingering strength deficits after 

undergoing ACLR and traditional post-surgical rehabilitation programs.   

 Lastly, the purpose of manuscript III was to examine the effects of LL-BFRT on 

patient reported outcome measures (PROMS) in patients with quadriceps strength deficits 

following ACLR compared to a true control condition. We found that compared to a control 

condition, female patients treated with LL-BFRT reported significant improvements in the 

overall condition of their injured limb as well as noteworthy decreases in knee-related pain 

and fear of reinjury and increases in psychological readiness, subjective reported knee 

function, and knee-related quality of life. Therefore, the results of this exploratory study 

suggest that LL-BFRT may be an effective treatment intervention for improving various 

psychological components of recovery in patients with significant quadriceps strength 

deficits following ACLR. 

 By utilizing novel sEMG technology we were able to quantify changes in motor unit 

recruitment and behavior during LL-BFRT to provide support for one of the primary 

proposed mechanisms of this complementary treatment intervention. Additionally, through 

pilot testing we were able to preliminarily explore both the physiological (i.e., strength and 

limb symmetry) and psychological responses to LL-BFRT in patients with persistent 

quadriceps strength deficits following ACLR. These studies have provided foundational 

evidence to support the neuromuscular mechanisms of LL-BFRT and have also provided 
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clinicians and researchers with suggestive evidence to promote the usage and investigation of 

LL-BFRT as a multifunctional intervention to combat physiological and psychological 

deficits in patients recovering from ACLR. 
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Abstract 

Background: Low-load exercise with blood flow restriction therapy (LL-BFRT) has been 

speculated to enhance muscle strength, size, and function by metabolically stimulating a 

greater number of motor units during exercise, despite a low production of mechanical 

tension. Unfortunately, this proposed mechanism of LL-BFRT has not been substantiated at 

the individual motor unit level during exercise. Purpose: To determine the effects of LL-

BFRT on motor unit recruitment and behavior compared to low-load (LL) exercise without 

blood flow restriction therapy (BFRT). Study Design: Laboratory-based crossover study. 

Methods: Twenty-eight healthy, physically active adults (age = 20.46 ± 1.55 years; sex = 22 

females, 6 males; height = 164.19 ± 9.97 cm; mass = 64.15 ± 8.03 kg) were recruited via 

convenience sampling. The primary independent and dependent variables were the exercise 

condition (LL-BFRT vs. LL) and motor unit behavior characteristics, respectively. Both 

conditions consisted of 4 sets of isokinetic knee extension and flexion exercise 

(30x15x15x15 repetitions) completed at approximately 20% of the individual’s peak knee 

extension and flexion torque and a single 30-second maximal isometric fatigue trial at 90° of 

knee flexion. A pneumatic tourniquet cuff was inflated to 60% of an individual’s limb 

occlusion pressure during the LL-BFRT condition. Motor unit behavior was assessed at the 

distal one-third of the dominant limb’s vastus lateralis using a Trigno Galileo EMG device 

(Delsys Inc., Natick, MA). Following data collection, raw EMG signals were processed and 

decomposed using NeuroMap software (Delsys Inc., Natick, MA). An accuracy threshold of 

≥ 80% was set for all identified motor unit action potential waveforms. To control for the 

amount torque exerted during each exercise, the total number of motor units recruited was 

divided by the average peak knee extension torque during each condition and set of exercise. 
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Differences in motor unit behavior between conditions during sets 1-4 were examined using 

a 2 (condition) x 4 (set 1-4) repeated-measures multivariate analysis of variance (RM-

MANOVA), and a one-way RM-MANOVA was conducted to evaluate differences between 

conditions during the isometric fatigue trial. Additionally, a paired samples t-test was utilized 

to examine changes in rating of perceived exertion (RPE) between exercise conditions. 

Results: A greater number of motor units were recruited during the LL-BFRT condition 

compared to the LL condition during sets 1-4 (MD = 2.85 NMU/(Nm/kg), p =0.02) and the 

isometric fatigue trial (MD = 4.12 NMU/(Nm/kg), p < 0.001). Participants also reported 

higher RPE values following the LL-BFRT condition compared to the LL condition (MD = 

3.39, p < 0.001). Conclusions: The inclusion of BFRT during LL knee extension and flexion 

exercise increased motor unit activation of the vastus lateralis in healthy adults compared to 

standard LL exercise without BFRT. While these results support our hypothesis and a 

potential benefit of LL-BFRT, additional research is warranted to further explore the 

underlying mechanisms associated with usage of LL-BFRT during patient care.  
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Introduction 

 Low-load exercise with blood flow restriction therapy (LL-BFRT) may offer 

clinicians and researchers an alternative therapeutic intervention for achieving neuromuscular 

improvements while mitigating the potentially harmful adverse events often associated with 

increased joint stress during high load (HL) resistance exercise. This treatment technique 

requires the restriction of arterial inflow and complete occlusion of venous outflow via the 

application of a tourniquet-like mechanism during either anaerobic or aerobic-based 

exercise.1 Blood flow restriction therapy (BFRT) is typically used in conjunction with low-

load (LL) resistance exercise between 20% to 40% of an individual’s one-repetition 

maximum (1RM) to elicit similar strength and hypertrophy gains to those acquired through 

traditional HL resistance exercise (i.e., 80% of an individual’s 1RM).2,3 However, by 

drastically decreasing load intensity during exercise, LL-BFRT minimizes the amount of 

stress on the affected joint and surrounding tissues.4 Therefore, this complementary approach 

to rehabilitation and strength training may be a viable treatment option for healthy 

individuals,2,5,6 elderly patients,7,8 and various load-restricted populations (e.g., following 

severe sport-related injuries or surgical intervention).9 

Current research has shown that LL-BFRT has the potential to increase muscle 

strength, hypertrophy, and activation when HL resistance exercise may be contraindicated.10–

14 Unfortunately, the proposed mechanisms of LL-BFRT have yet to be substantially 

supported. There has been speculation that LL-BFRT works to enhance muscle function by 

three primary mechanisms: 1) increased intracellular swelling, 2) decreased oxygen 

availability, and 3) increased metabolite accumulation.15–18 These factors, as well as a 

lowered intramuscular pH, may act further stimulate group III and group IV afferent fibers 
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leading to earlier neuromuscular fatigue of type I (i.e., slow-twitch oxidative) muscle 

fibers.15–18  This fatigued, hypoxic state and increased presence of metabolic byproducts has 

been suggested to promote the early recruitment of high threshold motor units and Type 

IIA/Type IIX muscle fibers during exercise in order to maintain a desired force output.10,15 

This altered motor unit recruitment can then lead to increases in muscle strength and 

hypertrophy, despite exercises being completed under low mechanical tension, by 

metabolically stimulating an increased number of muscle fibers and causing a more 

widespread hypertrophic stimulus within the muscle.9,15  

 Quantifying muscle activation during exercise can help to describe an individual’s 

ability to generate muscle force by recruiting varying numbers of motor units and modulating 

their behavior characteristics such as their firing rate. Historically, muscle activation during 

LL-BFRT has been primarily quantified using surface electromyographic (sEMG) techniques 

(e.g., root mean squared (RMS), integrated EMG (iEMG), peak of the EMG signal 

(EMGpeak), average EMG amplitude, etc.).19–22 However, this general measurement of 

electrical currents has not provided specific information regarding individual motor unit 

behavior during exercise. Novel sEMG technology with motor unit decomposition 

capabilities may counter this limitation.23 The Trigno Galileo Senor (Delsys Inc, Boston, 

MA) is a small, unobtrusive sEMG device that has been designed to assess motor unit 

behavior including firing rates, recruitment thresholds, and action potential amplitudes during 

functional activities. This four-pin sensor array measures differential combinations of 

electrical signals that are then amplified, filtered, stored, and later decomposed using built-in 

proprietary software algorithms. Additional information regarding the decomposition 

algorithms and Artificial Intelligence framework can be found in a report by De Luca et al.23 
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Overall, these recent technological advancements may allow researchers to further 

investigate how alterations in motor unit recruitment and behavior may contribute to the 

underlying mechanisms and benefits of utilizing LL-BFRT in patient care. 

To the best of our knowledge, functional and real-time changes in motor unit 

behavior during LL-BFRT compared to standard LL exercise have yet to be investigated. 

Therefore, the primary aim of the study was to determine the effects of LL-BFRT on motor 

unit recruitment and behavior compared to LL exercise without BFRT. We hypothesized that 

LL-BFRT would increase overall motor unit recruitment compared to LL exercise without 

BFRT.   

 

Methods 

Study Design 

 Motor unit behavior of the dominant vastus lateralis was examined using a cross-

sectional crossover study design to determine the effects of LL-BFRT on muscle activity in 

healthy adults. The independent variable was the exercise condition (LL-BFRT and LL), and 

the dependent variables included motor unit recruitment, motor unit firing rates (i.e., peak, 

average, initial, and terminal motor unit firing rate), and motor unit action potential 

amplitudes (i.e., peak and average motor unit action potential amplitude) measured using 

sEMG and processed via proprietary decomposition software. Our secondary dependent 

variable was rating of perceived exertion (RPE) measured using the Borg scale.24  

 

Participants 
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Twenty-eight healthy, physically active adults (age = 20.46 ± 1.55 years; sex = 22 

females, 6 males; height = 164.19 ± 9.97 cm; mass = 64.15 ± 8.03 kg) were recruited for 

study participation via convenience sampling. Inclusion criteria included being 18 years of 

age or older and having a Godin Leisure-Time Exercise Questionnaire score of ≥ 14 or a 

Tegner Activity Scale score of ≥ 5. Participants were excluded from the study if they had a 

lower extremity injury within the past 6 months, lower extremity surgery within the past 12 

months, history or current diagnosis of a metabolic, pulmonary, or cardiovascular disease 

(e.g., Peripheral Artery Disease and/or Peripheral Vascular Disease, diabetes, venous 

thromboembolism, deep vein thrombosis, impaired circulation or peripheral vascular 

compromise, sickle cell anemia, and severe hypertension), current use of anti-coagulant 

medication, current diagnosis of cancer, and if the participant was pregnant or unable to 

provided informed consent.  

 An a-priori sample size estimation was performed using G*Power 3.1 with an alpha 

level of 0.05, power of 0.95, and an estimated Cohen’s d effect size of 1.37 based on the 

results of a previous study examining the effects of BFRT on motor unit behavior of the 

vastus lateralis.10 This estimation resulted in a suggested sample size of 8 participants in 

order to detect significant between-condition changes in motor unit behavior. However, 

given differences in our study methodology and a possible attrition rate of 20%, our sample 

size was set to 28 participants. This research protocol was approved by the University of 

Virginia’s Institutional Review Board for Health Sciences Research (IRB-HSR#210058), and 

informed, written consent was provided by all participants before enrollment.   

    

Procedures  
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Prior to participation, all participants were required to answer several screening 

questions regarding their age and medical history in order to determine their eligibility for 

this study. Those that qualified for participation were asked to refrain from taking part in any 

strenuous physical activity of their lower extremities for 24 hours prior to their scheduled 

session.  

Upon arrival for the study, participants were instructed to provide additional 

demographic information (i.e., age, sex, height, weight, and dominant leg) and complete two 

physical activity questionnaires (i.e., Tegner Activity Scale and Godin Leisure-Time 

Exercise Questionnaire). Participants were then randomly allocated to receive each of the 

exercise conditions in a randomized order starting with either the LL-BFRT condition or the 

LL condition. Study procedures were conducted in the following order: 1) muscle 

morphology assessment, 2) maximal voluntary isokinetic contraction assessment, 3) exercise 

condition 1, 4) RPE for exercise condition 1 and a 5-minute rest period, 5) exercise condition 

2, and 6) RPE for exercise condition 2.  

Muscle Morphology  

Following the completion of the demographic and physical activity questionnaires, 

morphological characteristics of the dominant vastus lateralis including cross-sectional area, 

thickness, subcutaneous fat tissue thickness, and echogenicity were assessed via B-mode 

diagnostic ultrasound (ACUSON Freestyle, Siemens Medical Solutions, USA) using an 8-3 

MHz linear-array probe. The assessment site was determined by measuring the distance from 

the superior pole of the patella to the greater trochanter of the femur in line with the lateral 

aspect of the thigh (i.e., bisecting the vastus lateralis). The distal 1/3 of this measurement was 

marked and used for ultrasound and sEMG assessment. 
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Muscle thickness and subcutaneous fat tissue thickness were assessed by capturing 

three images in the direction of muscle fiber orientation at the marked assessment site. 

Muscle cross-sectional area was determined by transversely marking the skin every 2cm 

from the assessment site towards the medial and lateral portions of the thigh (5-6 marks 

total).8 The superior edge of the ultrasound probe was then aligned with the lateral aspect of 

each mark, and images were captured sequentially in a medial to lateral direction. High 

viscosity ultrasound gel and minimal probe pressure were applied to mitigate unwanted 

muscle distortion.  

Muscle Activity  

After ultrasound measurements were taken, the assessment site of the vastus lateralis 

and a reference location on the iliotibial band were prepped for the placement of a 

noninvasive sEMG sensor (Trigno Galileo Sensor, Delsys Inc, Natick, MA, USA: 80 dB 

common mode rejection rate and 11 mV signal input range). Skin preparation included the 

shaving of any hair and dead skin cells as well as extensive cleaning of the sites using sterile 

gauze and alcohol prep pads. The two-part sensor included a rectangular reference electrode 

(27 x 46 x 13 mm) and a circular head electrode (23 x 30 x 7 mm) consisting of the 

previously described sensor array (Figure 1.1). The reference electrode was secured over the 

prepared location on iliotibial band while the head electrode was attached to the assessment 

site over the distal vastus lateralis. To limit unwanted motion, a non-adhesive wrapping was 

applied circumferentially over the sensor and distal thigh. Signals of muscle activation were 

acquired, monitored, and live-streamed to EMGworks (Delsys Inc.) at sampling rate of 

2222.22 Hz and a preset bandwidth of 20-450Hz. 

Muscle Strength 
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Strength was assessed via maximal voluntary isokinetic contractions (MVIC) of the 

quadriceps and hamstring muscles using an isokinetic dynamometer (Biodex Systems III 

Isokinetic Dynamometer, Biodex Medical Systems) at a set speed of 120 °/s. Participants 

were positioned in the chair with their hips flexed to 90° and the distal third of their shank 

secured to the arm of the dynamometer. Several practice repetitions were provided prior to 

maximal strength testing. Participants were then instructed to complete three consecutive 

maximal repetitions of knee extension and flexion through their full knee range of motion. 

The average peak torque across each of the three trials was then exported and used for further 

analysis. Twenty percent of the participant’s average peak torque for knee extension and 

flexion was determined and utilized as self-regulated targets during both exercise conditions.   

Rating of Perceived Exertion 

RPE was measured following the completion of each exercise condition using the 

Borg scale.24 This scale ranged from 0, no exertion at all, to 10, maximal exertion. 

Participants were asked to use this scale in order to identify their level of perceived difficulty 

during the preceding exercise.  

 

Exercise Protocols  

Each exercise condition consisted of the same primary components: 4 sets of 

isokinetic knee extension and flexion exercise (30x15x15x15 repetitions) and a 30 second 

maximal isometric fatigue trial. Isokinetic repetitions were performed at approximately 20% 

of the individual’s predetermined MVIC for knee flexion and extension using a set speed of 

120 °/s. Before beginning the first set of isokinetic repetitions for each exercise condition, the 

participants were instructed on their torque targets (i.e., 20% MVIC for knee flexion and 
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extension) and given practice trials for familiarization. Verbal and visual feedback were 

provided throughout each condition to ensure that exercises were completed at the correct 

speed, intensity, and through an individual’s full knee range of motion. A 30 second rest 

period was provided following each set of exercise. For the maximal isometric fatigue trial, 

participants were positioned in 90° of hip and knee flexion and were instructed to kick out as 

hard as possible for 30 seconds. Five minutes of rest was provided after the first exercise 

condition. The LL-BFRT condition was completed with tourniquet cuff application while the 

LL exercise condition was performed as a control.  

 

Blood Flow Restriction  

An automated pneumatic tourniquet cuff (Delfi Personalized Tourniquet System, 

Delfi Medical Vancouver, BC) was used to create the LL-BFRT condition. After the 

contoured cuff was secured around the most proximal portion of dominant lower extremity, 

the tourniquet system was calibrated and inflated to determine the participant’s total limb 

occlusion pressure (LOP; i.e., the amount of pressure needed to completely occlude arterial 

and venous blood flow). At the start of the LL-BFRT condition the cuff was inflated to 60% 

of the individual’s predetermined LOP. The cuff remained inflated throughout all sets, 

repetitions, and interset rest periods. Cuff pressure was only released at the end of the 

maximal isometric fatigue trial for each condition.  

 

Data Processing   

Muscle Morphology  
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After data collection, the cross-sectional area images of the vastus lateralis were 

reconstructed in PowerPoint (Microsoft, Redmond, WA, USA) and measured following 

protocols previously described by Reeves et al25 and Lixandrão et al.8 Each image was 

individually opened, rotated, and aligned with the fascial border of the previous image until 

the entire fascia of the vastus lateralis was recreated. The cross-sectional area of the 

reconstructed image as well as the echogenicity, muscle thickness, and subcutaneous fat 

tissue thickness were then measured using ImageJ software (National Institutes of Health, 

Bethesda, MD). To ensure accurate measurement, pixel conversion was set based on the 

depth of the original ultrasound image. 

Muscle Activity 

As previously stated, each of the raw sEMG signals were processed and decomposed 

using a proprietary decomposition software (NeuroMap Software, Delsys Inc, Natick, MA, 

USA). By characterizing unique motor unit action potential (MUAP) waveforms, NeuroMap 

is capable of identifying individual motor unit behavior parameters such as total motor unit 

recruitment, peak and average motor unit firing rates, initial and terminal motor unit firing 

rates, as well as peak and average motor unit action potential amplitudes. An accuracy 

threshold for decomposed MUAP waveforms was set to ≥	80%.26 After motor units 

identified with below 80% accuracy were excluded, the average of each motor unit behavior 

characteristic was calculated per set and condition and used for further analysis. To control 

for the influence of self-regulated torque exerted during each condition and set of exercise, 

the total number of motor units recruited (NMU) was then divided by the average peak knee 

extension torque controlling for body mass (Nm/kg) during the respective exercise set per 

condition ([NMU/(Nm/kg)]).    
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Statistical Analysis  

Participant demographic information, vastus lateralis morphological characteristics, 

and the raw number of motor units recruited during each condition and set of exercise were 

examined using descriptive statistics including means and standard deviations as represented 

in Table 1.1, Table 1.2, and Table 1.3, respectively. A 2 (condition) X 4 (exercise set 1-4) 

repeated measures multivariate analysis of variance (RM-MANOVA) was conducted to 

examine differences in each dependent measure of motor unit recruitment and behavior 

between conditions and across sets 1 to 4. An additional one-way RM-MANOVA was 

conducted to evaluate differences between conditions for each dependent variable during the 

maximal isometric fatigue trial. In the event of statistically significant findings, separate 

univariate analyses and post hoc pairwise comparisons with Bonferroni adjustments were 

conducted to examine the source of these differences. A paired samples t-test was utilized to 

examine changes in RPE between exercise conditions. Effect size was calculated as partial 

eta squared (ηp2) for the multivariate and univariate analyses and Cohen’s d for the paired 

samples t-test. Partial eta squared statistics of 0.01, 0.06, and 0.14 represented small, medium 

and large effects, respectively; whereas Cohen’s d effect sizes of 0.2, 0.5, and 0.80 were 

categorized as small, medium, and large, respectively.27 Alpha was set a priori to 0.05. All 

statistical analyses were conducted using IBM Statistics (v28.0.1.1, SPSS, Inc. Chicago, IL, 

USA) and R (RStudio Inc., v2022.07.0). 

 

Results 

Motor Unit Behavior by Condition and Set 1-4 
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Due to missing data (i.e., no motor units accurately detected during one or more set of 

exercise), 3 participants were excluded from the 2 (condition) X 4 (set 1-4) RM-MANOVA. 

Overall results of the 2X4 RM-MANOVA revealed significant within-subjects effects for 

condition (λ = 0.41, F = 3.62, p = 0.013, ηp2 = 0.58) and exercise set (λ = 0.18, F = 7.51, p < 

0.001, ηp2 = 0.44) (Table 1.4). However, no significant condition X exercise set interaction 

was identified (λ = 0.72, F = 1.11, p = 0.341, ηp2 = 0.10; Table 1.4). 

Univariate analyses for the main effect of condition identified significant differences 

in the number of motor units recruited (F = 5.97, p = 0.022, ηp2 = 0.20), peak motor unit 

action potential amplitude (F = 14.57, p < 0.001, ηp2 = 0.38), average motor unit action 

potential amplitude (F = 13.86, p = 0.001, ηp2 = 0.37), and peak firing rate (F = 6.53, p = 

0.017, ηp2 = 0.21) (Table 1.5). Post hoc pairwise comparisons indicated that compared to the 

LL condition, the LL-BFRT condition resulted in a significantly greater number of motor 

units recruited (Mean Difference [MD] with 95% Confidence Interval [CI]= 2.85 

NMU/(Nm/kg), [0.44, 5.26]; Figure 1.2) with higher peak motor unit action potential 

amplitudes (MD = 16.36 𝜇V, [7.51, 25.21]; Figure 1.3), average motor unit action potential 

amplitudes (MD = 12.18 𝜇V, [5.43, 18.94]; Figure 1.4), and peak firing rates (MD = 0.65 

pps, [0.12, 1.17]; Figure 1.5) (Table 1.6). No significant between group differences were 

found for average firing rate (Figure 1.6), initial firing rate (Figure 1.7), or terminal firing 

rate (Figure 1.8). 

For the main effect of exercise set, univariate analyses highlighted significant 

differences in the number of motor units recruited (F = 51.68, p < 0.001, ηp2 = 0.68), peak 

firing rate (F = 18.91, p < 0.001, ηp2 = 0.44), average firing rate (F = 11.31, p < 0.001, ηp2 = 

0.32), and initial firing rate (F = 7.58, p < 0.001, ηp2 = 0.24) (Table 1.5). Post hoc pairwise 
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comparisons revealed a significantly greater number of motor units recruited with higher 

peak, average, and initial firing rates during set 1 compared to sets 2 through 4 (Table 1.7 and 

Figure 1.2, 1.5, 1.6, and 1.7, respectively). 

 

Motor Unit Behavior by Condition During Maximal Isometric Fatigue Trial 

The one-way RM-MANOVA revealed a significant main effect for condition (λ = 

0.23, F = 9.86, p <0.001, ηp2 = 0.77; Table 1.8). Univariate analyses identified significant 

differences in the number of motor units recruited (F = 34.63, p < 0.001, ηp2 = 0.56), peak 

motor unit action potential amplitude (F = 11.06, p = 0.003, ηp2 = 0.29), average motor unit 

action potential amplitude (F = 13.77, p < 0.001, ηp2 = 0.34), peak firing rate (F = 7.49, p = 

0.011, ηp2 = 0.22), average firing rate (F = 27.81, p < 0.001, ηp2 = 0.51), and initial firing rate 

(F = 4.89, p = 0.036, ηp2 = 0.15) between exercise conditions (Table 1.9). Additionally, no 

significant between group differences were noted for terminal firing rate during the maximal 

isometric fatigue trial (Figure 1.8).   

Additional post hoc pairwise comparisons demonstrated that compared to the LL 

condition, the LL-BFRT condition resulted in a significantly greater number of motor units 

recruited (MD = 4.12 NMU/(Nm/kg), [2.69, 5.56]; Figure 1.2) with significantly lower peak 

motor unit action potential amplitudes (MD = -69.78 𝜇V, [-112.84, -26.72]; Figure 1.3), 

average motor unit action potential amplitudes (MD = -54.85 𝜇V, [-85.18, -24.52]; Figure 

1.4), peak firing rates (MD = -1.44 pps, [-2.52, -0.36]; Figure 1.5), average firing rates (MD 

= -2.48 pps, [-3.44, -1.51]; Figure 1.6), and initial firing rates (MD = -0.77 pps, [-1.49, -

0.06]; Figure 1.7) (Table 1.10). 
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RPE by Condition  

The paired samples t-test exploring differences in RPE during each exercise condition 

revealed significantly higher reported RPE values following the LL-BFRT condition 

compared to the LL condition as illustrated in Figure 1.9 (MD = 3.39, t = 14.63, p <0.001, d 

= 2.76; Table 1.11). 

 

Discussion  

 LL-BFRT has been commonly suggested to improve muscle strength and function by 

enhancing motor unit recruitment during submaximal exercise.9,15 While previous literature 

has quantified alterations in muscle activation before and after LL-BFRT using indirect 

measures of sEMG, these methods have been unable to accurately assess changes at the 

individual motor unit level during exercise.19–22 Therefore, to our knowledge, this has been 

the first study to investigate real-time changes in motor unit recruitment of the vastus lateralis 

during LL-BFRT compared to standard LL exercise. By utilizing novel sEMG decomposition 

technology, our study sought to provide additional evidence regarding the influence of LL-

BFRT on motor unit behavior and describe how these changes may relate to the proposed 

neuromuscular mechanisms of LL-BFRT. Overall, the results of our study provide support 

for our primary hypothesis as LL-BFRT increased motor unit recruitment of the vastus 

lateralis and altered various motor unit behavior characteristics compared to LL exercise 

without the implementation BFRT.  

In terms of motor unit recruitment, we found significant increases in the number of 

motor units recruited during LL-BFRT compared to standard LL exercise when controlling 

for average peak knee extension torque during sets 1-4 as well as during the maximal 



 17 

isometric fatigue trial. These results suggest that LL-BFRT may be an effective method for 

increasing muscle activation and motor unit recruitment without increasing the overall 

mechanical load applied during exercise. This finding may be of particular importance for 

patient populations where HL resistance training is contraindicated (e.g., elderly individuals, 

post-surgical patients, injured individuals, etc.).7,9 For these individuals, LL-BFRT could be a 

potential complementary treatment approach for enhancing motor unit recruitment and 

improving muscle function while mitigating the amount of stress imposed on the affected 

joints and surrounding tissues. Previous literature investigating the effects of LL-BFRT on 

muscle activation has also identified significant increases in muscle excitation during LL-

BFRT compared to exercise without BFRT.19 However, findings related to myoelectric 

activity during LL-BFRT compared to LL and HL resistance exercise without BFRT have 

been inconclusive, likely due to the limited availability of high-quality evidence and vast 

methodological heterogeneity.19,20,22 A recent meta-analysis conducted by Cerqueira et al22 

expressed that differences in muscle activation also appear to be dependent on whether or not 

exercise is performed to volitional fatigue, where greater short-term increases in muscle 

excitability during LL-BFRT compared to standard LL exercise were observed only during 

non-fatiguing protocols. Conversely, no significant differences in acute muscle excitation 

were identified between LL-BFRT and LL conditions when exercise was performed to 

volitional failure.22 However, in the present study we identified notable increases in motor 

unit recruitment during a standard exercise scheme of LL-BFRT as well as during a 

fatiguing, maximal isometric contraction completed under BFRT. Considering these 

differences, future research should aim to further investigate how various types of exercise 
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and LL-BFRT parameters may influence muscle activation, hypertrophy, and performance-

based outcomes across various patient populations.  

Along with changes in overall motor unit recruitment, our results also demonstrated 

significant differences in several motor unit behavior characteristics between exercise 

conditions. When performing exercise sets 1 through 4 under the LL-BFRT condition, 

individuals presented with significantly higher peak and average motor unit action potential 

amplitudes and higher peak firing rates. As previously stated, LL-BFRT has been commonly 

suggested to promote the early recruitment of large motor units,10,15 often characterized as 

having greater action potential amplitudes and potentially higher firing rates according to the 

After-Hyperpolarization (AHP) scheme,28,29 in order to maintain the desired torque output 

during exercise. In agreement with current research,10 our results have provided additional 

evidence to support this theorized mechanism of LL-BFRT. Utilizing high-density sEMG 

and similar decomposition algorithms, Fatela et al10 also aimed to measure and characterize 

changes in motor unit behavior including motor unit action potential amplitudes, firing rates, 

and recruitment thresholds of the vastus lateralis before and after LL exercise with and 

without BFRT. Results of this study indicated greater decrements in the linear slope co-

efficient of the regression line between motor unit recruitment threshold and firing rate as 

well as a shift towards an increased recruitment of motor units with greater action potential 

amplitudes following LL-BFRT compared to standard LL exercise.10 It was suggested that 

these findings demonstrate the early recruitment of high threshold, low firing rate motor 

units, which would typically only be recruited during HL resistance training, as a result of 

including BFRT during submaximal exercise.10,19  
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However, the aforementioned effects were not consistent during our maximal 

isometric fatigue trial. When completing this sustained maximal contraction with the 

inclusion of BFRT compared to without, motor units appeared to present with significantly 

lower peak and average action potential amplitudes as well as significantly lower peak, 

average, and initial firing rates. In contrast to the AHP scheme, the Onion-Skin scheme 

suggests that an inverse relationship exists between motor unit recruitment thresholds and 

firing rates.30 This scheme indicates that during voluntary, constant-force contractions motor 

units initially recruited display and maintain higher firing rates than motor units recruited 

later on as fatigue begins to develop.29 Considering our findings during the maximal 

isometric fatigue trial, it is reasonable to assume that including BFRT during exercise 

encouraged the recruitment of additional motor units with higher recruitment thresholds and 

lower firing rates compared to exercise without BFRT. Therefore, our results are consistent 

with each of these hypotheses (i.e., AHP scheme and Onion-Skin scheme) and show that the 

influence of BFRT on motor unit behavior is likely dependent on the type of exercise being 

performed and whether or not it elicited fatigue. Additionally, given that participants reported 

significantly higher RPE values following the LL-BFRT condition compared to the LL 

condition, it is reasonable to assume that while the exercises were performed under 

comparable mechanical loads, the incorporation of BFRT significantly increased the 

perceived difficulty of the prescribed exercises, likely due to the fatiguing effects of 

BFRT.21,31   
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Limitations  

 Given the cross-sectional, crossover design of our study, we could not determine the 

longitudinal influences of LL-BFRT on motor unit behavior. However, the results of this 

study provide strong preliminary evidence to support the immediate effects of LL-BFRT on 

motor unit recruitment. Additionally, our sample within this study was primarily comprised 

of young females which may decrease the overall generalizability of our results to other 

patient populations. Future studies should aim to recruit a more diverse sample to identify 

how the impact of LL-BFRT may differ across participants with various demographic 

characteristics. Due to the lack of synchronization between our measures of sEMG and 

torque output, we were unable to identify individual motor unit recruitment thresholds as it 

relates to torque production during each set of exercise. By synchronizing these outcome 

measures, future researchers can aim identify whether the incorporation of BFRT promotes 

the early recruitment of high threshold motor units during a standard protocol of LL exercise. 

Nevertheless, the results of this study indicated a shift in motor unit firing rates and action 

potential amplitudes which may be associated with the recruitment of additional, high 

threshold motor units due to the early fatigue of active low threshold motor units during LL-

BFRT. It is also important to consider that the size of our sEMG detection zone was much 

smaller than that of the entire the vastus lateralis muscle. Taking this into account, it was not 

possible to describe how whole-muscle motor unit recruitment differed between exercise 

conditions.  

 

Conclusions   
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The inclusion of BFRT during isometric and isokinetic knee extension and flexion 

exercise was found to increase motor unit recruitment and alter motor unit behavior of the 

vastus lateralis in healthy adults compared to exercise without BFRT. While these results 

support our primary hypothesis and a potential benefit of LL-BFRT, additional research is 

warranted to further explore the underlying neuromuscular mechanisms associated with 

usage of LL-BFRT during patient care. 
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Tables 

Table 1.1. Participant demographics and vastus lateralis morphological characteristics  

 Variable Mean ± SD (n = 28) 

Demographic 
Characteristics 

Age (years) 20.46 ± 1.55 

Sex (female/male) 22 F / 6 M 

Dominant leg (right/left) 24 R / 4 L 

Body mass (kg) 64.15 ± 8.03 

Height (cm) 164.19 ± 9.97 

Tegner 6.14 ± 1.18 

Godin Leisure 77.64 ± 19.80 

Morphological 
Characteristics 

Cross-sectional area (cm2) 20.17 ± 4.86 

Thickness (cm) 2.09 ± 0.38 

SATT (cm) 0.59 ± 0.27 

Echogenicity 44.28 ± 7.35 
Abbreviations: SD, standard deviation; SATT, subcutaneous adipose tissue thickness 

 

 

Table 1.2. Total motor unit recruitment and accuracy by condition 

 Total   ≥80% Accuracy 
Condition Count Mean ± SD   Count Mean ± SD 

LL-BFRT 2209 78.89 ± 28.26   1751 62.54 ± 22.72 

LL 2174 77.64 ± 28.14   1671 59.68 ± 22.51 

Difference 35 1.25 ± 13.98   80 2.86 ± 11.91 

Total 4383 78.27 ± 27.95   3422 61.11 ± 22.45 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise; SD, standard deviation 
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Table 1.3. Raw number of accurate motor units recruited by condition and set  

 LL-BFRT  LL  

Exercise set Total Mean ± SD  Total Mean ± SD Mean Difference ± SD 

Set 1 450 16.07 ± 5.89  431 15.39 ± 7.00 0.68 ± 5.16 

Set 2 256 9.14 ± 5.38  216 7.71 ± 4.23 1.43 ± 3.98 

Set 3 240 8.57 ± 5.81  226 8.07 ± 4.90 0.50 ± 2.94 

Set 4 252 9.00 ± 5.54  219 7.82 ± 4.88 1.18 ± 3.77 

Isometric trial 459 16.39 ± 4.69  485 17.32 ± 4.10 -0.93 ± 6.39 

Total 1751 62.54 ± 22.72  1671 59.68 ± 22.51 2.86 ± 11.91 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; LL, low load exercise;  
SD, standard deviation 
 

 

Table 1.4. RM-MANOVA: motor unit behavior by condition and set 1-4 

  Wilks’ Lambda F statistic p-value 𝜂!p 

Within 
Subjects 
Effects 

Condition 0.41 3.62 0.013* 0.58 
     

Set 0.18 7.51 <0.001* 0.44 
     

Condition*Set 0.72 1.11 0.341 0.10 

* Statistically significant at p £ 0.05 
Abbreviations: RM-MANOVA, repeated measures multivariate analysis of variance 
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Table 1.5. Univariate Analyses: motor unit behavior by condition and set 1-4 

Characteristic Effect F-statistic p-value 𝜂!p 

# Motor Units/ 
AVG Torque 

Condition 5.97 0.022* 0.20 
Set 51.68 <0.001* 0.68 

     

Peak MUAP  Condition 14.57 <0.001* 0.38 
Set 0.61 0.608 0.02 

     

Average MUAP  Condition 13.86 0.001* 0.37 
Set 0.95 0.419 0.04 

     

Peak firing rate  Condition 6.53 0.017* 0.21 
Set 18.91 <0.001* 0.44 

     

Average firing rate  Condition 0.35 0.562 0.01 
Set 11.31 <0.001* 0.32 

     

Initial firing rate  Condition 3.22 0.086 0.12 
Set 7.58 <0.001* 0.24 

     

Terminal firing rate  Condition 1.69 0.206 0.07 
Set 2.26 0.088 0.09 

* Statistically significant at p £ 0.05 
Abbreviations: # Motor Units/AVG Torque, number of motor units divided by average peak  
torque; MUAP, motor unit action potential amplitude 
 

 

Table 1.6. Pairwise Comparisons: motor unit behavior by condition 

 Comparison (Mean (SE))    

Characteristic LL-BFRT  LL 
Mean 

Difference 
(SE) 

p-value 95% CI 

# Motor Units/  
AVG Torque 

([NMU/(Nm/kg)]) 

24.86 
(2.05) - 22.01  

(1.88) 
2.85 

(1.17) 0.022* (0.44, 5.26) 

Peak MUAP (𝜇V) 87.95 
(14.40) - 71.59 

(11.46) 
16.36 
(4.29) <0.001* (7.51, 25.21) 

Average MUAP (𝜇V) 68.41 
(10.82) - 56.22 

(8.61) 
12.18 
(3.27) 0.001* (5.43, 18.94) 

Peak firing rate (pps) 12.99 
(0.51) - 12.34 

(0.47) 
0.65 

(0.25) 0.017* (0.12, 1.17) 

* Statistically significant at p £ 0.05 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; LL, low load exercise; # Motor 
Units/AVG Torque, number of motor units divided by average peak torque; MUAP, motor unit action potential 
amplitude; SE, standard error; CI, confidence interval 
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Table 1.7. Pairwise Comparisons: motor unit behavior by set 1-4 

 Comparison    

Characteristic Set Mean 
(SE)  Set Mean 

(SE) 
Mean Difference 

(SE) p-value 95% CI 

# Motor Units/ 
AVG Torque 

([NMU/(Nm/kg)]) 

1 34.33 
(2.58) - 2 19.34 

(1.67) 15.00 (1.54) <0.001* 10.56 – 19.43 

 - 3 20.04 
(1.91) 14.29 (1.78) <0.001* 9.17 – 19.42 

 - 4 20.02 
(2.02) 14.31 (1.40) <0.001* 10.29 – 18.33 

         
Peak Firing Rate 

(pps) 1 13.80 
(0.54) - 2 12.18 

(0.54) 1.62 (0.18) <0.001* 1.11 – 2.13 

   - 3 12.34 
(0.45) 1.46 (0.27) <0.001* 0.67 – 2.24 

   - 4 12.33 
(0.47) 1.47 (0.27) <0.001* 0.68 – 2.25 

         
Average Firing 

Rate (pps) 1 4.56 
(0.23) - 2 3.94 

(0.20) 0.62 (0.10) <0.001* 0.32 – 0.92 

   - 3 4.04 
(0.18) 0.52 (0.15) 0.009* 0.10 – 0.94 

   - 4 4.08 
(0.20) 0.48 (0.12) 0.005* 0.12 – 0.83 

         
Initial Firing Rate 

(pps) 1 5.18 
(0.27) - 2 4.57 

(0.22) 0.61 (0.16) 0.006* 0.14 – 1.07 

   - 3 4.67 
(0.19) 0.51 (0.17) 0.038* 0.02 – 0.99 

   - 4 4.51 
(0.19) 0.67 (0.20) 0.017* 0.09 – 1.24 

* Statistically significant at p £ 0.05 
Abbreviations: # Motor Units/AVG Torque, number of motor units divided by average peak torque; SE, 
standard error; CI, confidence interval 
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Table 1.8. One-Way RM-MANOVA: motor unit behavior by condition (isometric fatigue trial) 

  Wilks’ Lambda F statistic p-value 𝜂!p 

Within Subjects 
Effects Condition 0.23 9.86 <0.001* 0.77 

* Statistically significant at p £ 0.05 
Abbreviations: RM-MANOVA, repeated measures multivariate analysis of variance 
 

 

Table 1.9. Univariate Analyses: motor unit behavior (isometric fatigue trial) 

Characteristic F-statistic p-value 𝜂!p 

# Motor Units/  
AVG Torque 34.63 <0.001* 0.56 

    
Peak MUAP  11.06 0.003* 0.29 

    
Average MUAP  13.77 <0.001* 0.34 

    
Peak firing rate  7.49 0.011* 0.22 

    
Average firing rate  27.81 <0.001* 0.51 

    
Initial firing rate  4.89 0.036 0.15 

    
Terminal firing rate 0.70 0.412 0.03 

* Statistically significant at p £ 0.05 
Abbreviations: # Motor Units/AVG Torque, number of motor units divided by  
average peak torque; MUAP, motor unit action potential amplitude 
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Table 1.10. Pairwise Comparisons: motor unit behavior (isometric fatigue trial) 

 Comparison (Mean (SE))    

Characteristic LL-BFRT  LL 
Mean 

Difference 
(SE) 

p-value 95% CI 

# Motor Units/  
AVG Torque 

([NMU/(Nm/kg)]) 

10.70 
(0.65) - 6.58  

(0.36) 
4.12 

(0.70) <0.001* (2.69, 5.56) 

Peak MUAP (𝜇V) 124.24 
(18.44) - 194.02 

(32.19) 
-69.78 
(20.99) 0.003* (-112.84, -26.72) 

Average MUAP (𝜇V) 96.02 
(13.81) - 150.87 

(23.28) 
-54.85 
(14.78) <0.001* (-85.18, -24.52) 

Peak firing rate (pps) 17.77 
(0.59) - 19.21 

(0.48) 
-1.44 
(0.53) 0.011* (-2.52, -0.36) 

Average firing rate (pps) 10.67 
(0.46) - 13.15  

(0.36) 
-2.48 
(0.47) <0.001* (-3.44, -1.51) 

Initial firing rate (pps) 4.09  
(0.32) - 4.86  

(0.27) 
-0.77 
(0.35) 0.036* (-1.49, -0.06) 

* Statistically significant at p £ 0.05 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; LL, low load exercise; # Motor 
Units/AVG Torque, number of motor units divided by average peak torque; MUAP, motor unit action potential 
amplitude; SE, standard error; CI, confidence interval 
 

 

Table 1.11. Paired samples t-test: rating of perceived exertion by condition  

LL-BFRT  LL     

Mean ± SD Min – Max   Mean ± SD Min – Max  Mean 
Difference t-statistic p-value Effect 

size 

7.32 ± 1.44 4 – 9  - 3.93 ± 1.05 2 – 6   3.39 14.63 <0.001* 2.76 

* Statistically significant at p £ 0.05 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; LL, low load exercise; SD, 
standard deviation 
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Figures 

Figure 1.1. Delsys Trigno Galileo sensor.  

 

 

Figure 1.2. Motor unit recruitment by condition and set.  

 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise 
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Figure 1.3. Peak motor unit action potential amplitude by set and condition.  

 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise; MUAP, motor unit action potential amplitude 
 

Figure 1.4. Average motor unit action potential amplitude by set and condition.  

 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise; MUAP, motor unit action potential amplitude 
 

0

20

40

60

80

100

120

140

160

180

200

220

240

1 2 3 4 Isometric Trial
Set

Pe
ak

 M
UA

P 
(u

V)

Condition
LL

LL−BFRT

0

20

40

60

80

100

120

140

160

180

1 2 3 4 Isometric Trial
Set

Av
er

ag
e 

M
UA

P 
(u

V)

Condition
LL

LL−BFRT



 33 

Figure 1.5. Peak motor unit firing rate by set and condition.  

 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise 
 

Figure 1.6. Average motor unit firing rate by set and condition. 

 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise 
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Figure 1.7. Initial motor unit firing rate by set and condition. 

 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise 
 

Figure 1.8. Terminal motor unit firing rate by set and condition. 

 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise 
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Figure 1.9. Rating of perceived exertion by condition. 

 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction  
therapy; LL, low load exercise 
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INFLUENCE OF BLOOD FLOW RESTRICTION THERAPY ON QUADRICEPS 

WEAKNESS IN PATIENTS POST-ANTERIOR CRUCIATE LIGAMENT 

RECONSTRUCTION 
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Abstract 

Background: Despite receiving clearance for unrestricted physical activity after 

participating in post-surgical rehabilitation, many individuals continue to suffer from 

persistent quadriceps weakness following anterior cruciate ligament reconstruction (ACLR). 

While there is no true standard of care for patients failing to respond to these more traditional 

rehabilitative methods, low load exercise with blood flow restriction therapy (LL-BFRT) 

may offer clinicians a complementary treatment approach for improving muscle function in 

patients post-ACLR. Purpose: To examine the effects of LL-BFRT on muscle strength and 

limb symmetry in patients with quadriceps strength deficits following ACLR compared to a 

control condition. Study Design: Randomized controlled pilot study. Methods: Ten female 

participants with quadriceps strength deficits following an ACLR were enrolled in this pilot 

study (LL-BFRT (n=5): age= 23.52±9.16 years, height= 166.85±4.12 cm, mass= 

69.38±10.35 kg, time since surgery (TSS)= 16.31±16.86 months; Control (n=5): age= 

21.88±3.91 years, height= 166.24±8.06 cm, mass= 69.13±11.64 kg, TSS= 48.03±41.34 

months). Individuals were recruited using convenience sampling and randomly assigned to 

either the control group or the LL-BFRT group. At baseline, bilateral isokinetic (i.e., 90 º/s 

and 180 º/s) and isometric quadriceps strength was assessed using an isokinetic 

dynamometer. Those allocated to LL-BFRT group were required to complete 2 supervised 

sessions of LL-BFRT each week for a total of 4 weeks. Participants performed 4 sets 

(30x15x15x15 repetitions) of 5 unilateral exercises (i.e., knee extension, hamstring curl, hip 

abduction, hip extension, and leg press) using loads of 20-40 % of their predicted one 

repetition maximum under 60 % limb occlusion pressure. Following the intervention 

timeframe, participants in both groups were instructed to return for two follow-up 
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assessments. Separate 2X2 repeated measures analyses of covariance were used to examine 

between group differences for changes in limb symmetry and involved limb knee extension 

strength. The clinical significance of these changes was also evaluated by examining the 

proportion of participants per group that exceeded a 10 % improvement in limb symmetry at 

each follow-up assessment compared to baseline. Results: Compared to participants in the 

control group, those treated with LL-BFRT experienced significant increases in limb 

symmetry (Mean Difference [MD] with 95 % Confidence Interval [CI]= 27.32 %, [3.12, 

51.51]) and involved limb strength ([MD] = 0.36 Nm/kg, [0.02, 0.71]) for peak knee 

extension torque during isokinetic strength testing at 90 º/s. No significant between group 

differences were identified for limb symmetry or involved limb strength during isokinetic 

strength testing at 180 º/s or isometric strength testing. Conclusions: The utilization of LL-

BFRT elicited significant improvements in involved limb strength and limb symmetry during 

isokinetic strength testing at 90 º/s for females with substantial quadriceps strength deficits 

following a unilateral ACLR. Clinicians may consider implementing LL-BFRT into their 

patient care methods to improve persistent quadriceps strength deficits and potentially 

mitigate the development of long-term health consequences often associated with these 

limitations in patients post-ACLR.   
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Introduction 

Sprain or rupture of the anterior cruciate ligament (ACL) is one of the most common, 

costly, and severe knee-related ligamentous injuries, especially among young, physically 

active individuals and athletes.1 It has been suggested that the rate of ACL injury and surgical 

ACL reconstruction (ACLR) has increased by over 60 % in the past 20 years.2,3 In the United 

States, an estimated 250,000 ACL injuries are sustained per year with many patients electing 

to undergo surgical reconstruction followed by postoperative physical therapy.1 While the 

structure and components of post-surgical ACLR rehabilitation programs may vary, 

protocols typically focus on restoring knee function and increasing muscle strength in order 

to return patients to preinjury levels of physical activity and reduce the risk of subsequent 

injury.  

It has been commonly recommended that postoperative ACLR rehabilitation should 

begin immediately following surgical intervention and continue for approximately 9 to 12 

months prior to clearing patients for unrestricted physical activity.4 However, a recent 

epidemiological study investigating the temporal utilization of supervised physical therapy 

after ACLR found that of those that completed physical therapy, 52 % of their visits were 

utilized in the first 6 weeks following surgery, 75 % in the first 10 weeks following surgery, 

and 90 % in the first 16 weeks following surgery.5 This suggests that patients only receive 

about 10 % of their allotted physical therapy visits between 4 and 12 months post-surgery.5 

While the factors influencing an individual’s access to physical therapy may differ (i.e., 

insurance, cost, time, etc.), the results of this study are largely concerning given that patients 

often continue to suffer from persistent quadriceps weakness and substantial limb 

asymmetries (i.e., [strength of involved limb/strength of uninvolved limb]*100) after they no 
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longer have access to physical therapy in the later phases of rehabilitation when clearance for 

activity is often considered.5–7 A review by Lepley et al7 reported average side-to-side 

quadriceps strength deficits of 23 % (range: 3-40 %) 6-months post-ACLR and 14 % (range 

3-28 %) 12-months post-ACLR. This is particularly troublesome given that side-to-side 

strength deficits of less than 10-15 % are often recommended prior to clearing patients for an 

unrestricted return to physical activity.7,8 Although the primary cause of persistent quadriceps 

weakness and strength asymmetries following ACLR remains elusive, several factors have 

been suggested to contribute to these deficits including muscle atrophy,9–11 incomplete or 

insufficient rehabilitation,9 reduced motor unit output,12 and quadriceps activation failure.13,14 

These lingering muscle weaknesses have also been attributed to altered movement mechanics 

such as compensatory gait, hopping, and other functional tasks, which have been suggested 

to contribute to both an increased risk of reinjury and the development of knee 

osteoarthritis.15–17 

Unfortunately, there is no true standard of care for patients that have failed to respond 

to traditional ACLR rehabilitation in terms of muscle weakness and atrophy. Low load 

exercise with blood flow restriction therapy (LL-BFRT) has been recently investigated as a 

potential prehabilitative18–20 and rehabilitative21–29 treatment technique for improving muscle 

strength after ACLR. Unfortunately, the methodology and results of these studies are 

inconsistent regarding the overall benefits of LL-BFRT compared to high load resistance 

exercise and control interventions in patients post-ACL injury. A recent study by Noyes et 

al29 investigated the effects of LL-BFRT on quadriceps and hamstring strength deficits in 

patients failing to respond to traditional rehabilitation after knee surgery. This study found 

that a majority of patients had improvements in both quadriceps and hamstring strength 
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deficits of at least 10 % following 9 sessions of LL-BFRT and 20 % following 18 sessions of 

LL-BFRT.29 However, this study reported relatively small effect sizes and had a very diverse 

patient population in terms of the type of knee surgery patients underwent.29 Therefore, it is 

still largely unknown how LL-BFRT may affect muscle strength in patients with quadriceps 

weakness and limb asymmetries in the later stages of recovery following ACLR. Therefore, 

the primary aim of this study was to examine the effects of LL-BFRT on muscle strength and 

limb symmetry in patients with quadriceps strength deficits following ACLR compared to a 

control condition. We hypothesize that those treated with LL-BFRT will experience 

improvements quadriceps strength and limb symmetry compared to those exposed to a 

control condition. 

 

Methods 

Study Design 

The influence of LL-BFRT on quadriceps strength deficits in patients post-ACLR 

was examined using a randomized controlled pilot study design. The independent variable 

was the intervention group, LL-BFRT or control, and the primary dependent variable was 

knee extension strength assessed via limb symmetry index (i.e., LSI = [involved limb 

strength/uninvolved limb strength] *100) and normalized peak and average peak torque 

output measured via isokinetic and isometric dynamometry.  

 

Participants 

Potential participants were recruited via fliers and study information sheets 

distributed across the local university, surrounding community, and associated health system. 
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Participants were eligible to take part in this study if they were between 15-64 years of age, 

at least 3 months post-unilateral ACLR, and had a LSI for isokinetic or isometric knee 

extension strength of less than 80 %. Participants were excluded if they experienced graft 

failure or severe surgical complications, had a history or current diagnosis of any 

cardiovascular, metabolic, or neurological disorders, were currently using anti-coagulant 

medication, had known pregnancy, malignancy, serious infection near the lower limb, 

muscular abnormalities, or had formal experience with LL-BFRT during their traditional 

post-surgical ACLR rehabilitation program. The study was approved by the University of 

Virginia’s Institutional Review Board for Health Sciences Research (IRB-HSR#210507).  

Fourteen participants provided written consent to participate in this pilot study. Upon 

completion of baseline strength testing, four participants were excluded from continued 

participation as they exceeded the 80% LSI threshold on each of our knee extension strength 

assessments. Therefore, ten female participants fully qualified for participation in this study 

(LL-BFRT (n=5): age= 23.52±9.16 years, height= 166.85±4.12 cm, mass= 69.38±10.35 kg, 

time since surgery (TSS)= 16.31±16.86 months; Control (n=5): age= 21.88±3.91 years, 

height= 166.24±8.06 cm, mass= 69.13±11.64 kg, TSS= 48.03±41.34 months). Additional 

demographic information is highlighted in Table 2.1 as well as Additional Results Table 

D2.1, D2.2, and D2.3.  

 

Procedures 

Baseline Visit 

 All participants reported to the Exercise and Sport Injury Laboratory at the University 

of Virginia for a required baseline assessment. Upon arrival participants provided informed 
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consent, were randomly allocated into either the control group or LL-BFRT group, and 

completed several demographic questionnaires, patient reported outcome measures (as 

described in Manuscript III), and the International Physical Activity Questionnaire (IPAQ) 

Short Form prior to beginning the strength testing procedures.  

Baseline Visit – Muscle Strength  

Isometric and isokinetic knee extension strength was measured bilaterally by a 

blinded assessor using a Biodex Systems IV dynamometer (Biodex Medical Systems, Inc. 

Shirley, NY). Participants were positioned in 90 º of hip flexion with the axis of the 

isokinetic dynamometer aligned with the lateral joint line of the knee. The distal third of the 

lower limb was secured to the arm of the dynamometer via a padded Velcro strap. To limit 

unwanted movement, participants were instructed to cross their arms over their chest with 

their back placed firmly against the chair and a belt secured over their lap. Knee range of 

motion was set from 0 º to 110 º of flexion. All strength assessments were performed on the 

participant’s uninvolved limb followed by their involved surgical limb. Practice repetitions 

were completed prior to each strength assessment and 30 seconds of rest was provided at the 

conclusion of each assessment. Concentric peak and average peak torque for knee extension 

were assessed isokinetically at two speeds of 90 º/sec and 180 º/sec. Beginning with the 90 

º/s isokinetic assessment, participants were instructed to perform 8 maximal repetitions 

through their full knee range of motion at each speed while receiving verbal encouragement. 

After completing each isokinetic assessment, isometric peak torque for knee extension was 

evaluated at 90 º of knee flexion. For testing, participants were instructed to exert maximal 

knee extension effort for 30 seconds. The maximum torque output produced during this trial 
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was recorded as the individual’s peak isometric torque (Acq-Knowledge software, Biopac 

Systems). 

Baseline Visit – Intervention Familiarization  

For participants that were randomly allocated into the LL-BFRT group, one-repetition 

maximum (1RM) testing and intervention familiarization were completed at the end of the 

baseline assessment. A participant’s 1RM was predicted for each exercise within the LL-

BFRT intervention program by assessing their five-repetition maximum (5RM) following a 

modified version of the National Strength and Conditioning Association’s 1RM testing 

protocol and 1RM estimation table.30 Participants were then given the opportunity to practice 

the LL-BFRT exercise protocol to ensure proper execution of each exercise under LL-BFRT.  

LL-BFRT Program 

Following the baseline visit, participants in the LL-BFRT group completed 2 sessions 

of LL-BFRT per week for 4 weeks, for a total of 8 supervised sessions. Each session 

consisted of 5 single leg exercises completed under LL-BFRT in the following order: 1) knee 

extension, 2) hamstring curl, 3) hip abduction, 4) hip extension, and 5) leg press. Exercises 

were performed only on the involved limb. Before initiating their first exercise, participants 

completed a 5-minute self-selected warm-up on a stationary bike. After a period of rest, a 

skin protection sleeve and contoured Easi-Fit Tourniquet Cuff (Delfi Medical Innovations 

Inc.) were applied to the most proximal portion of the participant’s involved limb. Subjects 

were instructed to lay in a relaxed, supine position on a treatment table while an automated 

pneumatic tourniquet system (Delfi Personalized Tourniquet System II, Delfi Medical 

Vancouver, BC) was used to determine their total limb occlusion pressure (LOP). During 

each exercise, the tourniquet cuff was inflated to 60 % of the participants predetermined 
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LOP. The tourniquet cuff remained inflated during all sets, repetitions, and interset rest 

periods and was only deflated during rest between exercises.  

Subjects performed 4 sets of 30x15x15x15 repetitions at an execution speed of 2s 

concentric:eccentric and 20-40 % of their predicted 1RM per exercise. Thirty seconds of rest 

was provided between each set of exercise and 2 minutes of rest was provided between each 

type of exercise. To document exercise difficulty and guide progression, participants were 

asked to rate their level of perceived exertion (RPE) following each exercise from no effort 

(0) to maximal effort (10) using the Borg scale.31 At the beginning of each session the 

amount of weight utilized during each exercise was modified based on the individuals 

reported RPE from the previous session. With a goal of achieving an RPE of 7 during each 

exercise, weight was either increased or maintained to ensure adequate exercise difficulty. 

For an RPE less than 7, weight was incrementally increased in the following session, and for 

an RPE of greater than or equal to 7, weight was maintained in the following session.  

Weekly Physical Activity  

To quantify an individual’s amount of physical activity per week, participants in both 

groups completed an online IPAQ Short Form at the end of each week during the 

intervention timeframe.  

Follow-Up Visits 

 After the completion of the one-month intervention timeframe, all participants 

returned for two additional follow-up visits. The initial follow-up assessment occurred within 

one week of completing the intervention and the secondary follow-up assessment occurred at 

least one month following the completion of the intervention. During each follow-up visit all 

measures of muscle strength were reassessed using the previously described methodology.  
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Data Processing  

Unilateral measures of isokinetic and isometric peak and average peak torque were 

normalized to the participants body mass (Nm/kg). Additionally, LSI values for each 

measure of knee extension strength were determined using the following equation: 

  

LSI =  [(𝒊𝒏𝒗𝒐𝒍𝒗𝒆𝒅	𝒍𝒊𝒎𝒃)/(𝒖𝒏𝒊𝒏𝒗𝒐𝒍𝒗𝒆𝒅	𝒍𝒊𝒎𝒃) ∗ 𝟏𝟎𝟎] 

 

To determine the amount of change in each measure of muscle strength and limb 

symmetry across time, change scores were calculated between baseline and each follow-up 

assessment (i.e., follow-up #1 – baseline and follow-up #2 – baseline). Additionally, in 

accordance with the IPAQ Short Form guidelines for data processing and analysis,32 a 

participant’s weekly physical activity was calculated as the number of MET-minutes per 

week using the following formula:   

 

MET-min/week =  [(𝟑. 𝟑 ∗ 𝒘𝒂𝒍𝒌𝒊𝒏𝒈	𝒎𝒊𝒏𝒖𝒕𝒆𝒔 ∗ 𝒘𝒂𝒍𝒌𝒊𝒏𝒈	𝒅𝒂𝒚𝒔) + (𝟒. 𝟎 ∗

𝒎𝒐𝒅𝒆𝒓𝒂𝒕𝒆	𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚	𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚	𝒎𝒊𝒏𝒖𝒕𝒆𝒔 ∗ 𝒎𝒐𝒅𝒆𝒓𝒂𝒕𝒆	𝒅𝒂𝒚𝒔) + (𝟖. 𝟎 ∗

𝒗𝒊𝒈𝒐𝒓𝒐𝒖𝒔	𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚	𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚	𝒎𝒊𝒏𝒖𝒕𝒆𝒔 ∗ 𝒗𝒊𝒈𝒐𝒓𝒐𝒖𝒔	𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚	𝒅𝒂𝒚𝒔)] 

 

Statistical Analyses  

All statistical analyses were conducted using IBM Statistics (v28.0.1.1, SPSS, Inc. 

Chicago, IL, USA) and R (RStudio Inc., v2022.07.0). To compare participants’ demographic 

information (i.e., age, height, mass, weekly physical activity level, and time since surgery) 
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and baseline strength and LSI values between groups, descriptive analyses were completed 

using independent samples t-tests. Between group differences for changes in muscle strength 

and LSI were calculated using separate repeated measures analyses of covariance (RM-

ANCOVA) with baseline values for the selected dependent variable included as a covariate 

in each model. For these analyses, group was included as a between-subjects factor and time 

(i.e., follow-up #1 value, follow-up #2 value) was included as a within-subjects factor. Where 

significance was observed, post-hoc analyses with Bonferroni adjustments were evaluated to 

determine the source and magnitude of these differences. Partial eta squared statistics were 

calculated to identify the magnitude of significant between group differences and categorized 

as small (0.01), medium (0.06), or large (0.14). Additionally, to explore the clinical relevance 

of these results, proportions were calculated based on the number of participants per group 

that experienced at least a 10 % improvement from baseline to follow-up #1 and from 

baseline to follow-up #2 for each of the LSI outcome measures. Alpha was set a priori to 

0.05 for all analyses. 

 

Results 

 Grouped and individual participant demographic information is presented in Table 

2.1. With the exception of pre-surgical Tegner activity level, no significant between group 

differences in demographic characteristics were noted. Due to inaccurate reporting, the 

amount of physical activity completed by one participant in the LL-BFRT group during week 

2 of the intervention was excluded from analysis. No significant differences were found 

between groups when evaluating weekly physical activity level (Table 2.2). Additionally, 
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summary statistics for LSI, involved limb knee extension strength, and knee extension 

strength deficits by group and time are reported in Table 2.3 and Table 2.4, respectively.  

 

Limb Symmetry Index 

Results of the 2X2 RM-ANCOVAs revealed no significant within-subjects effects for 

time or group X time interactions for any of the LSI measures including peak and average 

peak knee extension torque at 90 º/s, peak and average peak knee extension torque at 180 º/s, 

and peak isometric knee extension torque at 90 º of knee flexion (Table 2.5). However, a 

significant between-subjects effect was identified for peak knee extension torque at 90 º/s (F 

= 7.13, p = 0.032, ηp2 = 0.50; Table 2.5). Compared to the control group, participants in the 

LL-BFRT group experienced significant increases in LSI for peak knee extension torque at 

90 º/s following the intervention timeframe when controlling for baseline LSI values (Mean 

Difference [MD] with 95% Confidence Interval [CI]= 27.32 %, [3.12, 51.51]; Table 2.6 and 

Figure 2.1A).  

Though lacking statistical significance, noteworthy between group differences were 

also identified when examining improvements in LSI for average peak torque at 90 º/s 

following the LL-BFRT intervention (MD = 24.89 %, [-4.60, 54.38], p = 0.086; Figure 

2.1B). No significant between group differences in LSI were found for peak and average 

peak knee extension torque at 180 º/s (Figure 2.2) or peak isometric knee extension torque 

(Figure 2.3) when controlling for baseline differences in these LSI metrics.  

 

Involved Limb Strength 
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When examining changes in normalized knee extension strength of the involved 

surgical limb, no significant time effects or interaction terms were identified for peak and 

average peak knee extension torque at 90 º/s, peak and average peak knee extension torque at 

180 º/s, or peak isometric knee extension torque at 90 º of knee flexion (Table 2.7). 

Nevertheless, a significant between-subjects effect for group was identified for peak knee 

extension torque at 90 º/s (F = 6.34, p = 0.040, ηp2 = 0.48; Table 2.7). Compared to 

participants in the control group, individuals treated with LL-BFRT experienced significant 

increases in peak knee extension torque of their involved limb at 90 º/s when controlling for 

differences at baseline ([MD] = 0.36 Nm/kg, [0.02, 0.71]; Table 2.8 and Figure 2.4A). 

Although nonsignificant, comparable between group differences were also found when 

exploring changes in average peak knee extension torque of the involved limb during 

isokinetic testing at 90 º/s (MD = 0.35 Nm/kg, [-0.03, 0.73], p = 0.064; Figure 2.4B). No 

significant between group differences were identified for involved limb knee extension 

strength during isokinetic strength testing at 180 º/s (Figure 2.5) or isometric strength testing 

(Figure 2.6) when controlling for involved limb knee extension strength at baseline.  

 

Improvements in Knee Extension Strength Deficits  

As presented in Table 2.9, over half of the participants in the LL-BFRT exceeded a 10 % 

improvement in LSI from baseline to the first follow-up assessment for peak and average 

peak knee extension torque at 90 º/s (3/5 and 4/5, respectively) as well as peak isometric knee 

extension torque at 90 º of knee flexion (3/5). Comparatively, only two participants in the 

control group exceed a 10 % improvement in LSI for peak isometric knee extension torque, 
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and only one participant exceeded this threshold for average peak knee extension torque at 90 

º/s.  

At the second follow-up assessment, all participants in the LL-BFRT group exceeded a 

10 % improvement in LSI for peak and average peak knee extension torque at 90 º/s, and all 

but one participant exceeded this threshold for peak isometric knee extension torque. 

Conversely, only one participant in the control group exceeded the LSI improvement 

threshold for average peak knee extension torque at 90 º/s and peak isometric knee extension 

torque at 90 º of knee flexion. 

 

Discussion  

Long-term deficits in quadriceps strength and limb symmetry have continued to be a 

concerning challenge for many individuals following ACLR. While LL-BFRT has been 

investigated as a rehabilitative tool during the preoperative and early postoperative stages of 

recovery,33 few studies have examined how this intervention technique may benefit patients 

with significant strength deficits during the mid to late stages of recovery when individuals 

may no longer have access to supervised physical therapy.27,34 Supporting the primary 

hypothesis of this pilot study, our results indicate that females at least 5 months post-ACLR 

treated with 8 sessions of LL-BFRT experienced significant improvements in isokinetic 

quadriceps strength and limb symmetry at 90 º/s compared to those exposed to a true control 

condition. Additionally, these beneficial changes appeared to persist for at least one month 

after discontinuing the intervention. However, no significant between group differences in 

knee extension strength or LSI were identified at either follow-up assessment during 

isometric strength testing or isokinetic strength testing at 180 º/s. These findings have 
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provided preliminary evidence to support the utilization of LL-BFRT for improving 

quadriceps strength deficits in female patients post-ACLR. 

On average, participants treated with LL-BFRT experienced a 25 % improvement 

(range: 8.34 – 59.34 %) in LSI and a 0.42 Nm/kg (range: 0.16 – 0.80 Nm/kg) improvement in 

involved limb knee extension strength for peak and average peak torque during isokinetic 

testing at 90 º/s immediately following the intervention timeframe. However, one month after 

completing the intervention these improvements appeared to decrease to approximately 15 % 

(range: -2.69 – 46.43 %) and 0.32 Nm/kg (range: 0.04 – 0.55 Nm/kg). Though different 

strength assessment techniques and LL-BFRT protocols were utilized, similar improvements 

have been reported in previous research investigating the effects of LL-BFRT on quadriceps 

strength and limb symmetry in patients following ACLR and other lower extremity-related 

surgeries.29,34,35 Hylden et al.34 completed a case series to investigate the effects of 6 sessions 

of LL-BFRT on persistent muscle weakness in 7 active duty service members following a 

traumatic lower extremity injury and surgical intervention. Similar to the findings of our 

study, the authors identified mean changes in peak knee extension torque of 33.4 ± 23.8 % 

(range: 2.5 – 65.8 %) during isokinetic testing at 90 º/s and 16.5 ± 18.7 % (range: -15.3 – 

35.8 %) during isokinetic testing at 300 º/s after 2 weeks of treatment with LL-BFRT. 

Furthermore, in a study by Kilgas et al,27 individuals at least 2 years post-ACLR presenting 

with persistent quadriceps strength deficits (£ 10 % symmetry deficit) participated in a 4 

week (5 x per week) home-based LL-BFRT intervention program. Upon completion of the 

intervention, participants treated with LL-BFRT experienced significant increases in knee 

extensor strength and knee extensor strength symmetry by 20 ± 14 % and 11 ± 2 %, 

respectively.27 Noyes et al.29 also reported comparable improvements in average quadriceps 
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strength deficits of approximately 7 % following 9 sessions of LL-BFRT and 10 % following 

18 sessions of LL-BFRT in patients who failed to respond to traditional rehabilitation 

following knee surgery. These findings, and the results from our study, suggest that utilizing 

LL-BFRT with moderate to high LOP (i.e., 60-80 %) may be an effective alternative or 

complementary treatment approach for inducing significant changes in quadriceps strength 

and limb symmetry in patients with persistent quadriceps weakness following knee surgery. 

However, future large-scale studies are needed to explore when in the recovery process (i.e., 

presurgical, immediate postsurgical, mid-recovery, or late-recovery) may be the most 

appropriate and effective time to implement LL-BFRT into patient care programs for 

improving quadriceps strength in individuals following ACLR and other severe knee-related 

surgeries. 

Conversely, during isometric and isokinetic knee extension strength testing at 180 º/s, 

no statistically significant between group differences were identified for involved limb 

quadriceps strength or LSI. Nevertheless, while nonsignificant, participants in the LL-BFRT 

group experienced average improvements of approximately 5 % and 18 % in LSI as well as 

0.14 Nm/kg and 0.30 Nm/kg in involved limb knee extension strength during isokinetic 

testing at 180 º/s and isometric testing, respectively. Given that the demands of the exercises 

performed during the LL-BFRT intervention more closely emulated that of our isokinetic 

testing procedures at 90 º/s, we speculate that the lack of significant changes in these metrics 

may be related to the exercise parameters utilized during the intervention. For example, 

participants were encouraged to execute each exercise at an approximate 2s:2s 

(eccentric:concentric) contraction ratio which is similar to that of the slower, 90 º/s isokinetic 

testing speed compared to the faster, 180 º/s testing speed. Additionally, the exercises that 
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were used during the LL-BFRT intervention were primarily reliant on participants 

performing isotonic muscle contractions and did not include any isometric exercises. With 

consideration to the concept of training specificity (i.e., the SAID principle),30 it is likely that 

the anticipated benefits of LL-BFRT on different strength and functional assessments may be 

dependent on the type of exercises and associated protocols utilized during the intervention 

program. Therefore, although future research is needed to investigate how altering these 

factors (i.e., exercise execution speed, contraction types, fixed repetition scheme vs. 

repetitions to fatigue, etc.) may influence patient outcomes, healthcare professionals should 

aim to incorporate different types of exercise with varying LL-BFRT parameters to create a 

comprehensive rehabilitative experience for their patients in order to target and achieve an 

individual’s specific goals. 

In addition to our aforementioned findings, we also identified noteworthy results 

regarding the number of participants per group that experienced greater than a 10 % 

improvement in LSI on each of our strength tests. At the first follow-up assessment, we 

found that over half (i.e., 60-80 %) of the participants in the LL-BFRT group experienced 

more than a 10 % improvement in LSI for peak isometric knee extension torque as well as 

peak and average peak knee extension torque at 90 º/s (3/5, 3/5, 4/5, respectively). In 

contrast, only one participant in the control group exceeded this threshold for average peak 

knee extension torque at 90 º/s and two participants for peak isometric knee extension torque. 

Hence, participants in the LL-BFRT group were 4 times more likely to meet the LSI 

improvement threshold for average peak torque at 90 º/s compared to participants in the 

control group. Noyes et al.29 reported similar findings where approximately 69 % of their 26 

patients treated with 9 sessions of LL-BFRT experienced more than a 10 % increase in 
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quadriceps strength deficits and peak isometric knee extension torque. Additionally, one 

month after completing the intervention all participants allocated to the LL-BFRT group of 

our study presented with more than a 10 % improvement in LSI for peak and average peak 

knee extension torque at 90 º/s, and all but one participant exceeded this threshold for peak 

isometric knee extension torque. Although participants in this study and previous research 

appear to have highly individualized responses to LL-BFRT (Additional Results Table D2.1-

2.4),27,29,34 these proportions indicate that 8 sessions of unilateral LL-BFRT may be sufficient 

for improving select quadriceps strength deficits by 10 % or more in female participants 

following ACLR. Yet, future research should continue to explore what factors such as a 

participant’s demographic, biological, and psychological characteristics may influence their 

response, or lack thereof, to LL-BFRT across various load-restricted populations.  

 

Limitations  

 There were several limitations associated with this study. First of all, our small, 

female sample limits our ability to apply the results of this study to other patient populations. 

Nevertheless, this pilot study has provided foundational evidence to guide future research 

and support the utilization of LL-BFRT for improving persistent quadriceps strength deficits 

in females following ACLR. Individuals within this study also enrolled at varying stages in 

their recovery process. While this confounding factor needs to be considered when 

interpreting our findings, it has also increased the generalizability of our results indicating 

that LL-BFRT may be useful for treating patients with muscle weakness regardless of their 

time since surgery. In terms of our LL-BFRT intervention protocol, 8 sessions of LL-BFRT 

using 60 % LOP and 20-40 % of an individual’s predicted 1RM may not have been strenuous 



 55 

enough in order to induce the anerobic response needed to elicit optimal neuromuscular 

adaptations. However, our results demonstrate that compared to a true control condition, LL-

BFRT may be effective for helping patients overcome lingering strength deficits following an 

extensive lower extremity surgical intervention. Future research is warranted to explore how 

manipulating various LL-BFRT parameters including, but not limited to, the number of 

sessions and exercises prescribed, amount of LOP utilized, execution speed, and the type and 

intensity of the exercises performed, may influence patient outcomes and expand the benefits 

of this treatment technique across different types of neuromuscular, functional, and sport-

specific assessments. 

 

Conclusions  

 Compared to a true control condition, eight sessions of LL-BFRT elicited significant 

improvements in muscle strength and LSI in females with noteworthy quadriceps strength 

deficits following a unilateral ACLR. For patients failing to respond to traditional 

rehabilitative methods, clinicians may consider implementing LL-BFRT into their patient 

care methods to improve quadriceps strength and potentially mitigate the development of 

long-term health consequences often associated with persistent quadriceps weakness after 

ACLR.  
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Tables  

Table 2.1. Individual participant demographic information by group 

Group Participant 
(#) 

Age 
(y) 

Height 
(cm) 

Mass 
(kg) 

Graft 
(type) 

TSS 
(m) 

Tegner Score 
Pre Post 

LL-
BFRT 

2 21.81 161.29 67.40 PT 10.08 7 7 

3 18.76 169.42 86.45 H 45.56 7 2 

4 18.61 165.10 63.14 Q 5.58 8 7 

7 18.68 166.37 59.69 PT 15.28 8 6 

14 39.72 172.08 70.21 Q 5.06 6 2 

Group Mean 
± SD 

23.52±
9.16 

166.85
±4.12 

69.38±
10.35  16.31± 

16.86 
7.20± 
0.84 

4.80± 
2.59 

Control 

1 18.55 158.75 65.04 Q 7.78 9 8 

9 28.60 175.26 73.94 PT 78.22 9 6 

10 21.46 171.45 84.46 H 99.74 9 6 

12 20.03 156.84 52.80 BEAR 46.75 9 3 

16 20.75 168.91 69.40 PT 7.66 9 5 

Group Mean 
± SD 

21.88±
3.91 

166.24
±8.06 

69.13±
11.64  48.03±4

1.34 
9.00± 
0.00 

5.60± 
1.82 

Mean Difference ± SE 
(p-value) 

1.64 ± 
4.45 

(0.723) 

0.61 ± 
4.05 

(0.884) 

0.25 ± 
6.97 

(0.972) 
 

-31.71 ± 
19.97 

(0.151) 

-1.80± 
0.37 

(0.009)* 

-0.80± 
1.41 

(0.587) 
* Statistically significant at p £ 0.05 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; TSS, time since  
surgery; SD, standard deviation; SE, standard error; PT, patellar tendon; H, hamstring; Q,  
quadriceps; BEAR, bridge-enhanced anterior cruciate ligament repair 
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Table 2.2. Weekly IPAQ physical activity level between groups  

 MET-min/week (Mean ± SD)   

Visit LL-BFRT  Control Mean Difference ± SE p-value 

Baseline 4,573.80 ± 3,390.73  3,107.40 ± 2,567.30 1,466.40 ± 1,902.00 0.463 

Week #1 4,361.60 ± 2,388.34  3,525.30 ± 2,957.91    836.30 ± 1,700.20 0.636 

  Week #2* 4,066.62 ± 2,466.83  2,571.00 ± 1,222.06 1,495.62 ± 1,248.04  0.270 

Week #3 5,196.20 ± 3,006.98  2,306.00 ± 1,362.57 2,890.20 ± 1,476.38 0.086 

Week #4 4,736.60 ± 2,680.21  2,447.10 ± 1,460.03 2,289.50 ± 1,364.93 0.132 

Follow-up #1 4,964.00 ± 2,605.06  2,634.50 ± 1,408.15 2,329.50 ± 1,324.33 0.117 

Follow-up #2 4,010.10 ± 1,898.07  3,040.50 ± 2,028.87 969.60 ± 1,242.49  0.458 

*One participant in LL-BFRT group excluded from week 2 summary statistics  
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; SD, standard deviation;  
SE, standard error  
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Table 2.3. Knee extension strength and limb symmetry index by group and time 

Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; SD, standard deviation; PK, peak knee extension torque; AVG, average peak 
knee extension torque  

  

  Mean ± SD 
  Limb Symmetry Index (%)  Involved Limb Strength (Nm/kg)  Uninvolved Limb Strength (Nm/kg) 

Timepoint Variable LL-BFRT Control  LL-BFRT Control  LL-BFRT Control 

Baseline 

PK at 90°/s 63.09 ± 17.70 81.97 ± 13.52  1.31 ± 0.33 1.61 ± 0.30  2.14 ± 0.51 1.97 ± 0.27 
AVG at 90°/s 63.61 ± 19.52 83.55 ± 15.88  1.20 ± 0.32 1.49 ± 0.29  1.96 ± 0.55 1.80 ± 0.31 
PK at 180°/s 76.52 ± 22.28 84.52 ± 11.30  1.19 ± 0.43 1.21 ± 0.29  1.54 ± 0.28 1.42 ± 0.25 

AVG at 180°/s 73.28 ± 21.15 83.72 ± 11.23  1.03 ± 0.41 1.07 ± 0.25  1.38 ± 0.29 1.28 ± 0.23 
Isometric at 90° 59.12 ± 26.28 64.62 ± 17.62  1.29 ± 0.61 1.53 ± 0.46  2.47 ± 1.54 2.38 ± 0.45 

Follow-up 
#1 

PK at 90°/s 88.78 ± 34.45 82.48 ± 13.68  1.74 ± 0.46 1.66 ± 0.32  2.05 ± 0.44 2.02 ± 0.27 
AVG at 90°/s 89.14 ± 34.97 83.20 ± 11.32  1.62 ± 0.47 1.55 ± 0.28  1.90 ± 0.43 1.86 ± 0.22 
PK at 180°/s 81.13 ± 28.55 84.72 ± 11.53  1.33 ± 0.47 1.29 ± 0.24  1.64 ± 0.26 1.52 ± 0.15 

AVG at 180°/s 79.88 ± 28.58 83.58 ± 8.96  1.20 ± 0.44 1.12 ± 0.18  1.50 ± 0.27 1.35 ± 0.14 
Isometric at 90° 77.32 ± 37.71 68.95 ± 7.72  1.59 ± 0.61 1.50 ± 0.15  2.40 ± 1.25 2.19 ± 0.30 

Follow-up 
#2 

PK at 90°/s 78.88 ± 29.36 81.23 ± 15.41  1.63 ± 0.46 1.62 ± 0.32  2.16 ± 0.52 2.00 ± 0.25 
AVG at 90°/s 80.58 ± 32.23 80.64 ± 12.51  1.53 ± 0.44 1.46 ± 0.21  2.01 ± 0.51 1.82 ± 0.25 
PK at 180°/s 81.78 ± 28.16 89.30 ± 17.02  1.34 ± 0.42 1.29 ± 0.23  1.68 ± 0.28 1.46 ± 0.19 

AVG at 180°/s 82.37 ± 25.51 90.09 ± 14.98  1.24 ± 0.39 1.16 ± 0.20  1.52 ± 0.27 1.30 ± 0.17 
Isometric at 90° 69.53 ± 24.46 76.34 ± 7.89  1.65 ± 0.83 1.44 ± 0.11  2.55 ± 1.36 1.91 ± 0.26 

DFollow-
up #1 – 
Baseline 

PK at 90°/s 25.69 ± 21.99 0.50 ± 5.26  0.42 ± 0.29 0.05 ± 0.16  -0.09 ± 0.21 0.04 ± 0.08 
AVG at 90°/s 25.52 ± 22.66 -0.35 ± 8.75  0.42 ± 0.31 0.06 ± 0.15  -0.06 ± 0.21 0.06 ± 0.10 
PK at 180°/s 4.61 ± 15.36 0.20 ± 6.93  0.14 ± 0.23 0.09 ± 0.12  0.10 ± 0.06 0.10 ± 0.12 

AVG at 180°/s 6.59 ± 22.23 -0.13 ± 4.24  0.16 ± 0.30 0.05 ± 0.11  0.12 ± 0.09 0.07 ± 0.09 
Isometric at 90° 18.21 ± 38.94 4.32 ± 17.19  0.30 ± 0.33 -0.03 ± 0.32  -0.07 ± 0.47 -0.19 ± 0.25 

DFollow-
up #2 – 
Baseline 

PK at 90°/s 15.79 ± 16.39 -0.74 ± 4.68  0.32 ± 0.19 0.01 ± 0.15  0.02 ± 0.23 0.03 ± 0.13 
AVG at 90°/s 16.97 ± 20.11 -2.91 ± 5.49  0.33 ± 0.22 -0.03 ± 0.14  0.05 ± 0.27 0.02 ± 0.16 
PK at 180°/s 5.26 ± 18.39 4.78 ± 7.71  0.15 ± 0.21 0.09 ± 0.16  0.12 ± 0.09 0.04 ± 0.15 

AVG at 180°/s 9.08 ± 20.16 6.37 ± 6.66  0.21 ± 0.22 0.09 ± 0.14  0.14 ± 0.05 0.02 ± 0.14 
Isometric at 90° 10.41 ± 26.30 11.72 ± 24.88  0.36 ± 0.37 -0.08 ± 0.43  0.08 ± 0.37 -0.47 ± 0.44 
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Table 2.4. Knee extension strength deficits by group and time 

  Mean ± SD   

LSI Measure Timepoint Total LL-BFRT  Control Mean 
Difference (SE) p-value 

Peak Torque for 
90 º/s (%) 

Baseline 27.47 ± 17.88 36.91 ± 17.70  18.03 ± 13.52 18.88 (9.96) 0.095 
Follow-up #1 14.37 ± 24.93 11.22 ± 34.45  17.52 ± 13.68 -6.30 (16.58) 0.719 
Follow-up #2 19.95 ± 22.14 21.12 ± 29.36  18.77 ± 15.41 2.35 (14.83) 0.878 

        
Average Peak 
Torque for 90 

º/s (%) 

Baseline 26.42 ± 19.79 36.39 ± 19.52  16.45 ± 15.88 19.94 (11.25) 0.114 
Follow-up #1 13.83 ± 24.70 10.86 ± 34.97  16.79 ± 11.32 -5.93 (16.44) 0.733 
Follow-up #2 19.39 ± 23.05 19.42 ± 32.23  19.36 ± 12.51 0.05 (15.46) 0.997 

        

Peak Torque for 
180 º/s (%) 

Baseline 19.48 ± 17.18 23.48 ± 22.28  15.47 ± 11.30 8.00 (11.17) 0.494 
Follow-up #1 17.07 ± 20.62 18.87 ± 28.55  15.28 ± 11.53 3.59 (13.77) 0.801 
Follow-up #2 14.46 ± 22.29 18.22 ± 28.16  10.70 ± 17.02 7.52 (14.71) 0.623 

        
Average Peak 
Torque for 180 

º/s (%) 

Baseline 21.50 ± 16.88 26.72 ± 21.15  16.28 ± 11.23 10.44 (10.71) 0.358 
Follow-up #1 18.27 ± 20.06 20.12 ± 28.58  16.41 ± 8.96 3.71 (13.39) 0.789 
Follow-up #2 13.77 ± 20.14 17.63 ± 25.51  9.91 ± 14.98 7.72 (13.22) 0.575 

        

Peak Torque for 
Isometric (%) 

Baseline 38.13 ± 21.29 40.88 ± 26.28  35.38 ± 17.62 5.51 (14.15) 0.707 
Follow-up #1 26.87 ± 26.04 22.68 ± 37.71  31.05 ± 7.72 -8.38 (17.22) 0.640 
Follow-up #2 27.06 ± 17.51 30.47 ± 24.46  23.66 ± 7.89 6.81 (11.49) 0.570 

Abbreviations: LSI, limb symmetry index; LL-BFRT, low load exercise with blood flow restriction therapy; SD, standard  
deviation; SE, standard error 
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Table 2.5. Separate RM-ANCOVAs: Limb Symmetry Index for knee extension strength by group  
and time 

 LSI Measure Source F statistic p-value 𝜂!p 

Within 
Subjects 
Effects 

Peak Torque for  
90 º/s (%) 

Time 0.02 0.902 0.00 
Time*Baseline value 0.10 0.765 0.01 

Time*Group 2.69 0.145 0.28 

Average Peak Torque 
for 90 º/s (%) 

Time 0.36 0.570 0.05 
Time*Baseline value 0.00 0.998 0.00 

Time*Group 1.64 0.241 0.19 

Peak Torque for  
180 º/s (%) 

Time 0.01 0.931 0.00 
Time*Baseline value 0.01 0.927 0.00 

Time*Group 0.45 0.525 0.06 

Average Peak Torque 
for 180 º/s (%) 

Time 0.02 0.892 0.00 
Time*Baseline value 0.05 0.838 0.01 

Time*Group 0.50 0.502 0.07 

Peak Torque for 
Isometric (%) 

Time 1.19 0.312 0.15 
Time*Baseline value 1.35 0.284 0.16 

Time*Group 3.70 0.096 0.35 

Between 
Subjects 
Effects 

Peak Torque for  
90 º/s (%) 

Baseline value 19.79 0.003* 0.74 
Group 7.13 0.032* 0.50 

Average Peak Torque 
for 90 º/s (%) 

Baseline value 10.99 0.013* 0.61 
Group 3.98 0.086 0.36 

Peak Torque for  
180 º/s (%) 

Baseline value 15.41 0.006* 0.69 
Group 0.10 0.758 0.01 

Average Peak Torque 
for 180 º/s (%) 

Baseline value 6.59 0.037* 0.48 
Group 0.09 0.774 0.01 

Peak Torque for 
Isometric (%) 

Baseline value 0.34 0.580 0.05 
Group 0.02 0.899 0.00 

* Statistically significant at p £ 0.05 
Abbreviations: RM-ANCOVA, repeated measures analysis of covariance; LSI, limb symmetry index 
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Table 2.6. Pairwise Comparisons: Limb Symmetry Index for knee extension strength 

 Comparison (Mean (SE))    

LSI Measure LL-BFRT  Control Mean Difference (SE) p-value 95% CI 

Peak Torque for  
90 º/s (%) 

96.50 
(6.65) - 69.18  

(6.65) 
27.32  

(10.23) 0.032* 3.12 – 51.51  

Average Peak Torque 
for 90 º/s (%) 

95.83 
(8.17) - 70.95 

(8.17) 
24.89 

(12.47) 0.086 -4.60 – 54.38  

Peak Torque for  
180 º/s (%) 

85.62 
(6.01) - 82.85 

(6.01) 
2.77 

(8.64) 0.758 -17.65 – 23.20 

Average Peak Torque 
for 180 º/s (%) 

85.57 
(7.32) - 82.39 

(7.32) 
3.18 

(10.64) 0.774 -21.98 – 28.35  

Peak Torque for 
Isometric (%) 

74.01 
(10.37) - 72.06 

(10.37) 
1.95 

(14.73) 0.899 -32.89 – 36.78 

* Statistically significant at p £ 0.05 
Abbreviations: LSI, limb symmetry index; LL-BFRT, low load exercise with blood flow restriction therapy; 
SE, standard error; CI, confidence interval 
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Table 2.7. Separate RM-ANCOVAs: Involved limb knee extension strength by group and time 

 Strength Measure Source F statistic p-value 𝜂!p 

Within 
Subjects 
Effects 

Peak Torque for  
90 º/s (Nm/kg) 

Time 0.98 0.355 0.12 
Time*Baseline value 0.53 0.488 0.07 

Time*Group 0.07 0.799 0.01 

Average Peak Torque 
for 90 º/s (Nm/kg) 

Time 0.05 0.825 0.01 
Time*Baseline value 0.03 0.867 0.00 

Time*Group 0.00 0.985 0.00 

Peak Torque for  
180 º/s (Nm/kg) 

Time 0.66 0.443 0.09 
Time*Baseline value 0.64 0.450 0.08 

Time*Group 0.02 0.900 0.00 

Average Peak Torque 
for 180 º/s (Nm/kg) 

Time 0.05 0.832 0.01 
Time*Baseline value 0.01 0.931 0.00 

Time*Group 0.01 0.908 0.00 

Peak Torque for 
Isometric (Nm/kg) 

Time 1.15 0.319 0.14 
Time*Baseline value 1.32 0.288 0.16 

Time*Group 1.06 0.337 0.13 

Between 
Subjects 
Effects 

Peak Torque for  
90 º/s (Nm/kg) 

Baseline value 22.60 0.002* 0.76 
Group 6.34 0.040* 0.48 

Average Peak Torque 
for 90 º/s (Nm/kg) 

Baseline value 13.97 0.007* 0.67 
Group 4.84 0.064 0.41 

Peak Torque for  
180 º/s (Nm/kg) 

Baseline value 24.68 0.002* 0.78 
Group 0.24 0.641 0.03 

Average Peak Torque 
for 180 º/s (Nm/kg) 

Baseline value 14.05 0.007* 0.67 
Group 0.73 0.422 0.09 

Peak Torque for 
Isometric (Nm/kg) 

Baseline value 10.90 0.013* 0.61 
Group 2.09 0.191 0.23 

* Statistically significant at p £ 0.05 
Abbreviations: RM-ANCOVA, repeated measures analysis of covariance 
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Table 2.8. Pairwise Comparisons: Involved limb knee extension strength 

 Comparison (Mean (SD))    

Strength Measure LL-BFRT  Control Mean Difference (SE) p-value 95% CI 

Peak Torque for  
90 º/s (Nm/kg) 

1.84 
(0.10) - 1.48 

(0.10) 
0.36 

(0.14) 0.040* 0.02 – 0.71 

Average Peak Torque 
for 90 º/s (Nm/kg) 

1.72 
(0.11) - 1.36 

(0.11) 
0.35 

(0.16) 0.064 -0.03 – 0.73 

Peak Torque for  
180 º/s (Nm/kg) 

1.34 
(0.08) - 1.29 

(0.08) 
0.05 

(0.11) 0.641 -0.21 – 0.32 

Average Peak Torque 
for 180 º/s (Nm/kg) 

1.24 
(0.09) - 1.13 

(0.09) 
0.11 

(0.12) 0.422 -0.19 – 0.40 

Peak Torque for 
Isometric (Nm/kg) 

1.71 
(0.16) - 1.38 

(0.16) 
0.32 

(0.22) 0.191 -0.20 – 0.85 

* Statistically significant at p £ 0.05 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; SD, standard deviation; SE, 
standard error; CI, confidence interval 
 
 
Table 2.9. Improvements in knee extension strength deficits by time 

 Achieved > 10% Improvement (no. / total no. (%)) 

 DFollow-up #1 – Baseline  DFollow-up #2 – Baseline 

LSI Variable LL-BFRT  Control Relative 
Risk 

 LL-BFRT  Control Relative 
Risk 

Peak Torque for 
90 º/s 3/5 (60)  0/5 (0) NC  5/5 (100)  0/5 (0) NC 

Average Peak Torque 
for 90 º/s 4/5 (80)  1/5 (20) 4  5/5 (100)  1/5 (20) 5 

Peak Torque for 
180 º/s 1/5 (20)  1/5 (20)  1  2/5 (40)  1/5 (20) 2 

Average Peak Torque 
for 180 º/s 1/5 (20)  0/5 (0) NC  2/5 (40)  1/5 (20) 2 

Peak Torque for 
Isometric 3/5 (60)  2/5 (40) 1.5  4/5 (80)  1/5 (20) 4 

Abbreviations: LSI, limb symmetry index; LL-BFRT, low load exercise with blood flow restriction therapy; 
 NC, not computable 
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Figures 
 
Figure 2.1. Limb symmetry index for isokinetic strength testing at 90 º/s ([A] peak knee extension torque, 
[B] average peak knee extension torque) by group and time controlling for baseline values. 
 
A.  

  
B. 

  
 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; LSI, limb symmetry index 
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Figure 2.2. Limb symmetry index for isokinetic strength testing at 180 º/s ([A] peak knee extension 
torque, [B] average peak knee extension torque) by group and time controlling for baseline values. 
 
A. 

 
B. 

  
 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; LSI, limb symmetry index 
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Figure 2.3. Limb symmetry index for peak knee extension torque during isometric strength testing at 90 º 
of knee flexion by group and time controlling for baseline values. 
 

 
 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; LSI, limb symmetry index 
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Figure 2.4. Involved limb knee extension strength for isokinetic testing at 90 º/s ([A] peak knee extension 
torque, [B] average peak knee extension torque) by group and time controlling for baseline values. 
 
A.  

 
B.  

 
 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
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Figure 2.5. Involved limb knee extension strength for isokinetic testing at 180 º/s ([A] peak knee extension 
torque, [B] average peak knee extension torque) by group and time controlling for baseline values. 
 
A.  

 
B.  

 
 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
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Figure 2.6. Involved limb knee extension strength for isometric testing at 90 º of knee flexion by group 
and time controlling for baseline values. 

 
 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
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Abstract 

Background: Following anterior cruciate ligament reconstruction (ACLR), many individuals 

suffer from persistent physiological and psychological limitations despite participation in 

traditional post-surgical rehabilitation. Therefore, exploring the utilization of complementary 

interventions, such as low load exercise with blood flow restriction therapy (LL-BFRT), to 

address both the physical and psychological components of recovery could improve the 

rehabilitative process in this patient population. Purpose: To explore the effects of LL-BFRT 

on patient reported outcome measures (PROMs) in patients with quadriceps strength deficits 

following ACLR compared to a control condition. Study Design: Exploratory pilot study. 

Methods: Ten female participants with quadriceps strength deficits following an ACLR were 

enrolled in this exploratory pilot study (LL-BFRT (n=5): age= 23.52±9.16 years, height= 

166.85±4.12 cm, mass= 69.38±10.35 kg, time since surgery (TSS)= 16.31±16.86 months; 

Control (n=5): age= 21.88±3.91 years, height= 166.24±8.06 cm, mass= 69.13±11.64 kg, 

TSS= 48.03±41.34 months). Participants were recruited via convenience sampling and 

randomly allocated into either the control group or LL-BFRT group. During the baseline 

assessment, participants completed several PROMs including the International Knee 

Documentation Committee (IKDC) Subjective Knee Evaluation, Knee Injury and 

Osteoarthritis Outcome Score (KOOS), Tampa Scale for Kinesiophobia (TSK), and Anterior 

Cruciate Ligament – Return to Sport Index (ACL-RSI). Individuals randomized into the LL-

BFRT group completed 2 supervised sessions of LL-BFRT each week for a total of 4 weeks. 

Participants were instructed to perform 4 sets (30x15x15x15 repetitions) of 5 unilateral 

exercises (i.e., knee extension, hamstring curl, hip abduction, hip extension, and leg press) 

under 60 % limb occlusion pressure and 20-40 % of their predicted one repetition maximum. 
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All participants returned for two follow-up assessments after finishing the intervention and 

completed each PROM as well as the Global Rating of Change (GRoC) scale. Separate 2X2 

repeated measures analyses of variance (RM-ANOVA) were used to explore differences in 

change scores for the sum of each questionnaire between groups and across time. The clinical 

significance of these changes was also evaluated by examining the proportion of participants 

per group that met or exceeded the minimally clinically important difference (MCID) for 

each respective PROM. Results: Compared to participants in the control group, those treated 

with LL-BFRT experienced significant improvements on the GRoC scale as well as the pain 

and quality of life subscales of the KOOS (Mean Difference [MD], 95 % Confidence Interval 

[CI]; GRoC: MD = 4.50, [2.35, 6.65], KOOSpain: MD = 7.78, [0.69, 14.87], KOOSQoL: MD = 

16.25, [3.36, 29.14]). Additionally, over half of the participants in the LL-BFRT group met 

or exceeded the MCID for the ACL-RSI, TSK, IKDC, as well as the sport and quality of life 

subscales of the KOOS. Conclusions: Compared to a control condition, individuals treated 

with LL-BFRT reported substantial improvements in the overall condition of their involved 

limb, decreases in knee-related pain and fear of reinjury, and increases in psychological 

readiness and knee-related quality of life. Therefore, LL-BFRT may be an effective treatment 

intervention for improving the psychological components of recovery in patients with 

significant quadriceps strength deficits following ACLR.   
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Introduction 

Although assessments regarding an individual’s physical abilities (i.e., strength and 

functional performance) often dominate the return to sport evaluation following anterior 

cruciate ligament (ACL) injury, psychological characteristics are critical factors to consider 

when examining an individual’s response to injury and readiness for unrestricted physical 

activity following an ACL reconstruction (ACLR). Subjective factors including fear of 

reinjury, unsatisfactory knee function, and lack of knee confidence have been identified as 

barriers for the return to physical activity and sport following ACLR.1 In a recent systematic 

review evaluating the available evidence regarding the psychological factors related to return 

to play after ACLR, there was only a 63.4 % rate of return to play in patients post-ACLR and 

36.6 % of those that did return to play could not perform at their pre-injury level of sport 

participation.1 For patients that did not return to play, 64.7 % reported a psychological reason 

for their lack of return to play including fear of reinjury (76.7 %), lack of confidence in their 

reconstructed knee (14.8 %), depression (5.6 %), and lack of interest or motivation (2.5 %).1 

On a similar note, fear of re-injury has also been found to be the highest rated barrier for 

adherence to rehabilitation in patients post-ACLR, thus further highlighting the importance 

of considering the psychological aspects of a patient’s recovery throughout the rehabilitative 

process (i.e., preoperatively, immediate postoperatively, early recovery, mid recovery, late 

recovery).2 

 Given their significant contribution to return to sport decision making, the 

relationship between muscle function (i.e., quadriceps strength) and patient reported outcome 

measures (PROMs) has started to be explored. Direct relationships have been identified 

between various psychological limitations and persistent quadriceps weakness in patients 
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post-ACLR.3,4 It has been reported that individuals with International Knee Documentation 

Committee (IKDC) Subjective Knee Evaluation scores greater than or equal to 90 are 3 times 

more likely to present with a limb symmetry index (LSI) for quadriceps strength of 90 % or 

greater.3 However, quadriceps strength normalized to body mass has been suggested as a 

stronger predictor of self-reported knee function when compared to LSI in an ACLR 

population.5,6 Additionally, a study by Lepley et al4 found significant associations between 

decreased quadriceps strength and lower self-reported knee function, psychological readiness 

to return to sport, and emotional response to injury in patients returning to unrestricted 

physical activity after ACLR. Therefore, exploring interventions that may address both the 

physical and psychological components of recovery could potentially improve short- and 

long-term outcomes in this patient population.  

Low load exercise with blood flow restriction therapy (LL-BFRT) has been primarily 

explored as a complementary rehabilitative approach for enhancing muscle function in 

various patient populations including those post-ACLR.7–10 This treatment technique 

incorporates the application of an external restrictive device (i.e., pneumatic tourniquet cuff, 

band, or strap) to partially occlude arterial blood flow and completely occlude venous blood 

flow to and from distal musculature, typically while an individual performs low intensity 

exercise (i.e., 20-40 % 1-repetition maximum).11 Compared to traditional high load resistance 

exercise (i.e., >70 % 1-repetition maximum) that is reliant on the production of mechanical 

tension for inducing improvements in muscle strength and hypertrophy,12,13 LL-BFRT has 

been shown to elicit comparable benefits while minimizing the amount of stress imposed on 

the targeted joints and surrounding structures by increasing metabolic stress (i.e., lactate, 
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hydrogen ions, inorganic phosphate) as a result of prolonged tourniquet cuff application 

during exercise.14,15  

Although the physiological effects of LL-BFRT have been the primary area of 

research focus in patients post-ACLR, recent studies have also begun to investigate the 

effects of LL-BFRT for improving common PROMs in patients following various knee-

related surgical interventions.16 Beginning 2 weeks following a nonreconstructive knee 

arthroscopy, Tennent et al17 explored the physical and psychological effects of 12 sessions of 

supervised physical therapy with and without blood flow restriction therapy (BFRT). The 

results of this study found significant improvements for all subscales of the Knee Injury and 

Osteoarthritis Outcome Score (KOOS) as well as the physical component of the Veterans 

RAND 12-Item Health Survey (VR-12) in both the BFRT and conventional therapy groups.17 

However, significant improvements in the mental component of the VR-12 were only 

identified in the BFRT group.17 Similarly, compared to traditional high load resistance 

training, Hughes et al18 found significantly greater increases in IKDC, Lower Extremity 

Function Scale (LEFS), Lysholm Knee-Scoring Scale (LKSS), and KOOS subscale scores in 

patients treated with 16 sessions of BFRT starting 2 weeks following an ACLR. While the 

aforementioned studies have provided promising results regarding the effects of LL-BFRT 

when implemented in the early recovery phase following knee surgery, the overall 

psychological impact of LL-BFRT has not yet been fully investigated in patients with 

persistent quadriceps weakness in the mid to late stages of recovery after ACLR.  

Gaining a better understanding of the physiological and psychological responses to 

LL-BFRT is critical for evaluating its various potential benefits in an ACLR population. 

Therefore, the primary aim of this study was to explore the effects of LL-BFRT on PROMs 
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in patients with quadriceps strength deficits following an ACLR compared to a control 

condition. Additionally, we secondarily aimed to evaluate the relationship between changes 

in quadriceps strength and changes in PROMs.  

 

Methods 

Study Design 

The psychological influence of LL-BFRT in patients post-ACLR was examined using 

an exploratory pilot study design. The independent variable was the intervention group (i.e., 

LL-BFRT vs. control). The dependent variables included self-reported knee function and 

knee-related symptomology/pain as measured by the IKDC and KOOS, kinesiophobia as 

measured by the Tampa Scale for Kinesiophobia (TSK), psychological readiness as measured 

by the Anterior Cruciate Ligament – Return to Sport Index (ACL-RSI), and patient perceived 

change in the overall condition of their injured limb as measured by the Global Rating of 

Change (GRoC) scale.  

 

Participants 

Potential participants were recruited for this study via convenience sampling through 

the distribution of fliers and study information sheets across the local university, surrounding 

community, and associated health system. In order to be eligible for participation, individuals 

were required to be between 15-64 years of age and at least 3 months post-ACLR. 

Individuals also had to report being diagnosed with a unilateral ACLR and present with a LSI 

of less than 80% for isokinetic or isometric knee extension strength at their baseline 

assessment. Exclusion criteria included graft failure or any surgical complications, history or 
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current diagnosis of any cardiovascular, metabolic, or neurological disorders, currently using 

anti-coagulant medication, known pregnancy, malignancy, serious infection near the lower 

limb, muscular abnormalities, or formal experience with LL-BFRT during their traditional 

post-surgical rehabilitation program. The study was approved by the University of Virginia’s 

Institutional Review Board for Health Sciences Research (IRB-HSR#210507), and all 

participants provided written, informed consent.  

Fourteen participants provided informed consent for participation in this exploratory 

pilot study. However, four participants were excluded from continued participation as they 

exceeded the 80% LSI threshold on each of our knee extension strength assessments during 

their baseline session. Therefore, ten female participants were formally enrolled in this study 

(LL-BFRT (n=5): age= 23.52±9.16 years, height= 166.85±4.12 cm, mass= 69.38±10.35 kg, 

time since surgery (TSS)= 16.31±16.86 months; Control (n=5): age= 21.88±3.91 years, 

height= 166.24±8.06 cm, mass= 69.13±11.64 kg, TSS= 48.03±41.34 months). Detailed 

participant demographic information is presented in Table 3.1 as well as Additional Results 

Table D2.1, D2.2, and D2.3. 

 

Instrumentation – Patient Reported Outcome Measures 

 IKDC  

 Changes in subjectively reported knee symptomology, function, and sports activity 

after ACLR were measured using the IKDC.19 This 18 item questionnaire included three 

primary domains: 1) symptoms (i.e., pain, stiffness, swelling, locking/catching, and giving 

way), 2) sports and daily activities, and 3) current knee function and knee function prior to 

injury.19 Individual items were scored using an ordinal method with a possible total score of 
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0-100, where a total score of 0 indicated high symptoms and low function, and a total score 

of 100 indicated no symptoms and no limitations with activities of daily living or sport-

related activities.20 The IKDC has been shown to be both reliable and valid in patients post-

ACLR.20  

 KOOS 

 The KOOS was utilized to evaluate a patient’s opinions regarding the health of their 

knee as well as any short-term or long-term knee-related problems.20,21 This questionnaire 

included 42 items across 5 subscales of symptoms, pain, activities of daily living, sport and 

recreation, and knee-related quality of life.21 Each item was scored from 0-4 and each 

subscale was separately scored from 0-100 based on the sum of its corresponding items, 

where 0 indicated extreme knee-related problems and 100 indicated no knee-related 

problems. This scale has demonstrated good validity and reliability in an ACLR 

population.20,21      

 TSK 

 Fear of movement (i.e., kinesiophobia) and reinjury as well as fear avoidance was 

quantified using the full version of the TSK.22 Individual scores on the TSK ranged from 1-4 

and total scores ranged from 17-68 with higher scores suggesting increased degrees of 

kinesiophobia.22,23 Patients are considered to suffer from kinesiophobia if their total score is 

greater than 37.24 However, this PROM has not yet been validated in an ACLR patient 

population. 

 ACL-RSI 

 Psychological readiness (i.e., emotions, confidence in performance, and risk 

appraisal) associated with the return to sport and physical activity after ACLR was measured 
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using the ACL-RSI. This tri-component questionnaire was comprised of 12 items with scores 

ranging from 1-10. Total scores were calculated by adding the values from each individual 

item and calculating their relationship to 100. This scale has been shown to have acceptable 

reliability and validity.25   

 GRoC 

 The clinical change perceived by participants following the intervention timeframe 

was evaluated using the GRoC scale.26 This scale asked participants to respond to the 

following statement, “With respect to your ACL injury, please rate the overall condition of 

your injured limb from the time that you began this study until now”. Participants were 

prompted to respond to this statement on a scale from +7 (i.e., a very great deal better) to -7 

(i.e., a very great deal worse).     

 

Procedures 

Baseline Assessment 

 Prior to beginning baseline assessment procedures, participants were randomly 

allocated into either the control group or LL-BFRT group. Participants then completed 

several PROMs including a general health history questionnaire, injury history questionnaire, 

Tegner Activity Scale, International Physical Activity Questionnaire (IPAQ) Short Form, 

ACL-RSI, TSK, IKDC, and KOOS. Bilateral assessment of the quadriceps muscles was then 

performed including isokinetic and isometric measures of muscle strength (as described in 

Manuscript II). For those in the LL-BFRT group, one-repetition maximum (1RM) testing and 

intervention familiarization was completed at the end of the baseline visit. To determine 

appropriate exercise loading, an individual’s 1RM was predicted for each exercise by 
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assessing their five-repetition maximum (5RM) following a modified version of the National 

Strength and Conditioning Association’s 1RM testing protocol and 1RM estimation table.27 

LL-BFRT Program 

Participants allocated to the LL-BFRT group then completed 2 sessions of LL-BFRT 

each week for a total of 4 weeks. During these sessions participants were instructed to 

perform 5 exercises under LL-BFRT using only their involved surgical limb including knee 

extension, hamstring curl, hip abduction, hip extension, and leg press. Participants performed 

4 sets of each exercise at an initial estimated 30 % of their predetermined 1RM. Each 

exercise began with one set of 30 repetitions followed by 3 sets of 15 repetitions completed 

at an approximate execution speed of 2s concentric:eccentric. Thirty seconds of rest was 

provided following each set of exercise, and 2 minutes of rest was provided at the end of 

each exercise type. Following each exercise participants were asked to rate their level of 

perceived exertion (RPE) from no effort (0) to maximal effort (10) using the Borg scale in 

order to gauge exercise intensity and guide progression.28 The amount of weight utilized 

during each exercise was modified at the start of each session based on the individuals 

reported RPE from the previous session. With the goal of achieving an RPE of at least 7 

during each exercise, weight was either increased or maintained to ensure optimal exercise 

difficulty.  

At the start of each exercise session, participants completed a 5-minute self-selected 

warm-up on a stationary bike. After a period of rest, a skin protection sleeve and Easi-Fit 

Tourniquet Cuff (Delfi Medical Innovations Inc.) were applied to the most proximal portion 

of the participant’s involved thigh. To determine an individual’s personalized tourniquet 

pressure, participants were first asked to lay in a relaxed, supine position while an automated 
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pneumatic tourniquet system (Delfi Personalized Tourniquet System II, Delfi Medical 

Vancouver, BC) inflated to their total limb occlusion pressure (LOP). The cuff was then 

inflated to 60 % of this LOP during exercise and was only deflated during rest between each 

type of exercise.  

Weekly Physical Activity  

The type and amount of physical activity participants performed during the 

intervention timeframe was measured using an online IPAQ Short Form.29 The overall 

amount of physical activity was calculated as the number of MET-minutes per week using 

the following formula:  

MET-min/week =  [(𝟑. 𝟑 ∗ 𝒘𝒂𝒍𝒌𝒊𝒏𝒈	𝒎𝒊𝒏𝒖𝒕𝒆𝒔 ∗ 𝒘𝒂𝒍𝒌𝒊𝒏𝒈	𝒅𝒂𝒚𝒔) + (𝟒. 𝟎 ∗

𝒎𝒐𝒅𝒆𝒓𝒂𝒕𝒆	𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚	𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚	𝒎𝒊𝒏𝒖𝒕𝒆𝒔 ∗ 𝒎𝒐𝒅𝒆𝒓𝒂𝒕𝒆	𝒅𝒂𝒚𝒔) + (𝟖. 𝟎 ∗

𝒗𝒊𝒈𝒐𝒓𝒐𝒖𝒔	𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚	𝒂𝒄𝒕𝒊𝒗𝒊𝒕𝒚	𝒎𝒊𝒏𝒖𝒕𝒆𝒔 ∗ 𝒗𝒊𝒈𝒐𝒓𝒐𝒖𝒔	𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚	𝒅𝒂𝒚𝒔)] 

 

Follow-Up Assessments 

 All participants returned for two additional follow-up assessments after the 

completion of the intervention timeframe. The first follow-up assessment was conducted 

within one week of completing the intervention and the second follow-up assessment was 

conducted at least one month following the completion of the intervention. During each of 

these assessments all baseline measures were reassessed including the aforementioned 

PROMs as well as the GRoC scale.  

 

Data Processing 
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 The amount of change in each PROM was calculated as the difference between scores 

reported at baseline and each post-intervention follow-up assessment (i.e., follow-up #1 – 

baseline and follow-up #2 – baseline). To explore the clinical importance of any treatment 

benefits sustained following LL-BFRT, participant’s change scores were classified based on 

whether or not they met the minimally clinically important difference (MCID) threshold 

established for each PROM. These thresholds aim to represent the smallest amount of change 

needed for the patient to perceive the change as clinically important.30 As suggested by 

previous literature investigating the MCID for each PROM in an ACLR population, the 

following MCID thresholds were utilized in this study: an increase of ≥ 9 points on the 

IKDC,31,32 an increase of ≥ 8-10 points on the KOOS,33,34 and an increase of ≥ 10 points on 

the ACL-RSI.35 Although no MCID threshold has been established for the full 17-item TSK 

in this patient population, a decrease of ≥ 6 points was considered clinically valuable based 

on previous research investigating the responsiveness of the TSK in patients after 4 weeks of 

cognitive-behavioral rehabilitation following a lumbar fusion.36 Similarly, while not 

established in an ACLR population, the MCID threshold for the GRoC scale was set to an 

increase or decrease of ≥ 5 points based on findings from previous research.37 

  

Statistical Analyses  

Statistical analyses were completed using IBM Statistics (v28.0.1.1, SPSS, Inc. 

Chicago, IL, USA) and R (RStudio Inc., v2022.07.0). Initially, between group differences in 

participant’s demographic information (i.e., age, height, mass, physical activity, and time 

since surgery) and baseline values for the sum score of each PROM questionnaire were 

examined using independent samples t-tests. Given no significant differences between groups 
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at baseline, separate 2X2 repeated measures analyses of variance (RM-ANOVA) were used 

to explore differences in change scores for the sum of each questionnaire (e.g., IKDC, ACL-

RSI, TSK, KOOS, GRoC) between groups and across time (i.e., follow-up #1, follow-up #2). 

Effect size was calculated to evaluate the magnitude of significant findings using partial eta 

squared statistics (ηp2) and interpreted as small (0.01), medium (0.06), or large (0.14). The 

clinical significance of changes in each PROM were evaluated by examining the proportion 

of participants per group that met or exceeded the previously described MCID for each 

respective PROM. Additionally, to explore the potential relationship between improvements 

in physical and psychological outcome measures in this patient population, Pearson 

correlations were calculated between changes in each PROM and changes in involved limb 

quadriceps strength and limb symmetry as reported in Manuscript II. Alpha was set a priori 

to 0.05 for all analyses. 

  

Results 

 Participant’s demographic information, group based physical activity per week, mean 

PROM sum scores by group and time, and change scores for each PROM are presented in 

Table 3.1, Table 3.2, Table 3.3, and Table 3.4, respectively. With the exception of pre-

surgical Tegner activity level, no significant between group differences were found for any of 

the demographic variables or baseline sum scores for each PROM. Due to inaccurate 

reporting, the amount of physical activity completed by one participant in the LL-BFRT 

group during week 2 of the intervention was excluded from analysis.  

 

Change Scores for PROMs 
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Overall results of the separate 2X2 RM-ANOVAs are reported in Table 3.5. A 

significant interaction was found between group and time for changes on the IKDC (F = 

6.99, p = 0.030, ηp2 = 0.47) (Table 3.5). This interaction indicated that while participants in 

the control group experienced insignificant decreases for change scores on the IKDC over 

time, participants in the LL-BFRT group presented with significantly greater increases in 

IKDC change scores from follow-up #2 to baseline compared to follow-up #1 to baseline 

(Figure 3.1, Table 3.6). No other significant interactions were noted.  

When examining between-subjects effects for group, significant between group 

differences were identified for changes on the GRoC scale (F = 23.28, p = 0.001, ηp2 = 0.74; 

Figure 3.2) as well as the pain (F = 6.40, p = 0.035, ηp2 = 0.44; Figure 3.3) and quality of life 

(F = 8.45, p = 0.020, ηp2 = 0.51; Figure 3.3) subscales of the KOOS (Table 3.5). Subsequent 

post-hoc pairwise comparisons revealed significantly greater improvements on each of the 

aforementioned PROMs for participants in the LL-BFRT group compared to those in the 

control group (GRoC: MD = 4.50, [2.35, 6.65], KOOSpain: MD = 7.78, [0.69, 14.87], 

KOOSQoL: MD = 16.25, [3.36, 29.14]) (Table 3.7). No significant between group differences 

were found for changes on the ACL-RSI (Figure 3.4), TSK (Figure 3.5), IKDC (Figure 3.1), 

or the remaining subscales of the KOOS (Figure 3.3). 

In terms of main effects for time, significant findings were identified for changes on 

the GRoC scale (F = 7.36, p = 0.027, ηp2 = 0.48; Figure 3.2), TSK (F = 6.25, p = 0.037, ηp2 = 

0.44; Figure 3.5), and IKDC (F = 5.35, p = 0.049, ηp2 = 0.40; Figure 3.1) (Table 3.5). Post 

hoc pairwise comparisons highlighted continued improvements on each of these outcome 

measures from follow-up #1 to follow-up #2 (Mean Difference [MD], 95 % Confidence 
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Interval [CI]; GRoC: MD = 0.90, [0.14, 1.66], TSK: MD = -2.20, [-4.23, -0.17], IKDC: MD 

= 3.22, [0.01, 6.43]) (Table 3.8). 

 

MCID Proportions 

Results regarding the number of participants that met or exceeded the predefined 

MCID threshold for each PROM are represented in Table 3.9. At the first follow-up 

assessment, over half of the participants in the LL-BFRT met or exceeded the MCID 

threshold for the ACL-RSI (3/5), GRoC (4/5), as well as the sport (4/5) and quality of life 

(4/5) subscales of the KOOS. In comparison, only one participant in the control experienced 

changes that exceeded these thresholds at the first follow-up assessment. Furthermore, at the 

second follow-up assessment, all participants in the LL-BFRT group met or exceeded the 

MCID for the GRoC and 4 out of the 5 of these participants also met or exceeded the MCID 

for the ACL-RSI, TSK, as well as the sport and quality of life subscales of the KOOS.  

 

Quadriceps Strength and PROMs 

Significant relationships were identified between improvements in quadriceps 

strength and limb symmetry with improvements on several of the PROMs collected in this 

study including the ACL-RSI, TSK, IKDC, subscales of the KOOS (i.e., symptom, pain, and 

composite score), and the GRoC scale (Table 3.10).  

 

Discussion  

Overall, this study produced several interesting findings regarding the potential 

psychologically-related benefits of LL-BFRT in female patients with considerable quadriceps 
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strength deficits following ACLR. First and foremost, we identified that patients treated with 

4 weeks of LL-BFRT described the overall condition of their injured limb from the time that 

they began the study until each follow-up assessment as “(+4) moderately better” to “(+7) a 

very great deal better” as reported on the GRoC scale. Conversely, only two participants in 

the control group reported any change in the overall condition of their injured limb at either 

follow-up assessment. Additionally, although this exploratory pilot study was not sufficiently 

powered to find significant between group differences, noteworthy improvements were 

identified for several of the collected PROMs following the LL-BFRT intervention. At the 

first follow-up assessment, participants in the LL-BFRT group experienced average 

improvements of 20.76 points on the ACL-RSI, 7.40 points on the TSK, 5.52 points on the 

IKDC, and 7.14 points on the composite score of the KOOS. Furthermore, one month after 

completing the intervention these improvements appeared to increase to 26.06 points, 9.20 

points, 12.41 points, and 9.05 points, respectively. In comparison, participants in the control 

group experienced minimal change across time on each of these subjectively reported 

outcome measures. Therefore, these results suggest that LL-BFRT may be a viable treatment 

option for improving an individual’s psychological responses following an ACLR and 

postoperative rehabilitation including their overall perception of their injured limb, fear of 

movement and reinjury, subjective reported knee function, and perceived readiness to return 

to sport or physical activity.   

At our baseline assessment, 70 % of the participants enrolled in this study [LL-BFRT 

= 4/5 (80 %), Control = 3/5 (60 %)] indicated that the current state of their knee was 

unsatisfactory when taking into account their activities of daily living, levels of pain, and 

activity limitations and participation restrictions. However, we found that all participants 
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treated with 8 sessions LL-BFRT experienced substantial improvements in the overall 

condition of their injured limb following the intervention compared to participants in the 

control group. On average, these participants indicated that the condition of their injured limb 

was “(+5) quite a bit better” at the initial follow-up assessment and “(+6) a great deal better” 

at the second follow-up assessment. These results indicate that incorporating LL-BFRT into 

patient care programs, even in the mid-to-late stages of recovery, may be an effective 

approach for improving a patient’s perception of their injured limb, and subsequently, their 

overall knee satisfaction following an ACLR. Previous research has also found that 63% of 

patients treated with LL-BFRT after failing to respond to traditional post-surgical 

rehabilitation reported experiencing significantly better results than their previous 

rehabilitation program and had a mean patient satisfaction score of 8.9 out of 10 following 

the intervention.38 These findings are extremely important as studies investigating patient 

satisfaction levels after ACLR have reported mean satisfaction scores of only 7.4 out of 10 

with approximately 28 % of patients being dissatisfied with their knee-related outcomes at 

least a year after surgery and 73.3 % feeling unready to return to their preinjury activity when 

discharged from postoperative physical therapy.39–41 Considering increased levels of patient 

satisfaction have been strongly associated with a higher likelihood of patients returning to 

preinjury levels of physical activity and reporting increased scores on PROMs such as the 

ACL-RSI and IKDC,40–42 it is possible that incorporating LL-BFRT into patient care 

following ACLR could also improve these critical aspects of recovery. Nevertheless, future 

research should aim explore how utilizing LL-BFRT during postoperative rehabilitation may 

influence overall patient satisfaction and the rate of return to play compared to traditional 
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post-surgical rehabilitation programs in larger, more representative cohorts of patients post-

ACLR. 

While evidence related to the psychological implications of LL-BFRT remains 

sparce, recent research has begun to secondarily examine how this complementary treatment 

approach may influence patient reported knee function and knee-related problems in patients 

following an ACLR.17,18,43,44 These reports have concluded that BFRT could be equally or 

more effective at improving patient reported knee function, as measured by the IKDC and 

KOOS, when implemented in the early postoperative phase of recovery (i.e., immediate post-

surgery to 2 weeks post-surgery) compared to other intervention techniques such as general 

postoperative rehabilitation,17,43,44 exercise with neuromuscular electrical stimulation,43 and 

high load resistance training.18 However, in one study examining the effects of high load 

resistance training with and without BFRT beginning 10 weeks post-ACLR, patients treated 

with 16 sessions of BFRT experienced average improvements of 16.49 points on the IKDC 

with no significant between group differences.45 In contrast, although we did not identify any 

significant group differences for changes in the IKDC, over half of our participants allocated 

to the LL-BFRT group experienced improvements that exceeded the MCID for the IKDC at 

both follow-up assessments compared to their baseline assessment. Additionally, participants 

in the LL-BFRT were found to report significantly greater improvements on both the pain 

and quality of life subscales of the KOOS compared to participants in the control group. 

Therefore, while it has been suggested that clinically significant improvements in these 

PROMs typically cease within the first year following an ACLR,46 these findings highlight 

that LL-BFRT may be an effective treatment technique for improving various aspects of 

subjective function and patient well-being when used in the later stages of recovery. 
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Considering the degree of these benefits may be dependent on when this intervention is 

incorporated into a patient’s rehabilitative process, future studies should aim to identify the 

most appropriate time to include LL-BFRT into patient care following an ACL injury. 

To the best of our knowledge, this was the first study to investigate the influence of 

LL-BFRT on fear of reinjury and psychological readiness in patients post-ACLR as 

measured by the TSK and ACL-RSI, respectively. Prior to treatment participants in the 

intervention group presented with average TSK scores of nearly 39 points. This is largely 

concerning as a threshold of 37 points or more on the TSK is often considered to be 

indicative of kinesiophobia which has been associated with various negative health-related 

and performance-based outcomes.24,47–49 However, one month after completing the LL-BFRT 

intervention, 4 out of 5 participants presented with change scores exceeding the MCID 

threshold set for the TSK, and the preceding group mean decreased to approximately 29.60 

points. Similar trends were noted for improvements on the ACL-RSI, where average sum 

scores for participants in the LL-BFRT group increased from 55.30 points to 81.36 points, 

with 80 % of these participants exceeding the MCID by their final follow-up assessment. 

These results are of particular importance as decreased fear of reinjury and increased 

psychological readiness have been strongly associated with positive changes in quadriceps 

strength and limb symmetry,50 adherence to rehabilitation,2 as well as rate of return to play 

and physical activity level in patients post ACLR.24,47 In agreement, we also identified 

significant relationships between quadriceps strength and several of our PROMs when 

examining changes in each of these metrics from baseline to both follow-up assessments. Our 

results suggest that as quadriceps strength and limb symmetry improved, participants also 

reported increases in psychological readiness and patient reported knee function, decreases in 
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kinesiophobia and knee-related pain, and improvements in the overall condition of a patient’s 

injured limb. Whilst the mechanisms influencing these relationships and psychophysiological 

responses to LL-BFRT have yet to be fully investigated, this study has provided preliminary 

evidence to support usage of LL-BFRT for improving physical and psychological outcome 

measures in patients long after receiving an ACLR. To further explore these benefits of LL-

BFRT, future longitudinal studies utilizing mixed methodological designs are required to 

gain a comprehensive assessment of the overall effects of LL-BFRT in this patient 

population.  

 

Limitations  

 This study was not without limitations. Considering we enrolled a relatively small, 

female sample, making between group comparisons and generalizing our results to patients 

with other demographic characteristics remains challenging. However, this exploratory study 

has provided clinicians and researchers with suggestive evidence to promote the usage and 

investigation of LL-BFRT as a multifunctional intervention to combat physiological and 

psychological deficits in patients recovering from ACLR. Additionally, the amount of 

elapsed time between when participants received surgical intervention to when they enrolled 

in this study varied widely. Nevertheless, the results of our study suggest that LL-BFRT may 

be an effective treatment approach for improving various psychological factors including a 

patient’s perception of their injured limb, fear of reinjury, and psychological readiness, 

regardless of their time since surgery. Unfortunately, due to our study design and 

methodological constraints, we are unable to determine how a participant’s previous or 

ongoing post-surgical rehabilitation experiences may have influenced their responses to LL-
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BFRT and how their responses to these subjective outcome measures may have changed 

throughout their recovery process. Therefore, future researchers should consider utilizing 

qualitative or mixed methods study designs to explore how the incorporation of LL-BFRT 

into post-surgical rehabilitation programs may influence a patient’s overall psychological 

characteristics and long-term health outcomes compared to more general postoperative 

rehabilitation programs.   

 

Conclusions  

 The utilization of LL-BFRT was found to improve several patient reported outcomes 

in females with substantial quadriceps strength deficits following ACLR. Compared to a true 

control condition, individuals treated with 8 sessions of LL-BFRT reported considerable 

improvements in the overall condition of their injured limb with noteworthy decreases in 

knee-related pain and fear of reinjury as well as increases in psychological readiness, 

subjective reported knee function, and knee-related quality of life. Additionally, significant 

associations were identified between improvements in quadriceps strength and several of our 

PROMs in this patient population. Therefore, LL-BFRT may be an effective treatment 

intervention for improving not only quadriceps strength deficits, but also the psychological 

components of recovery in female patients following ACLR.  
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Tables  

Table 3.1. Individual participant demographic information by group 

Group Participant 
(#) 

Age 
(y) 

Height 
(cm) 

Mass 
(kg) 

Graft 
(type) 

TSS 
(m) 

Tegner Score Knee 
Satisfaction 

(Y, N) Pre Post 

LL-
BFRT 

2 21.81 161.29 67.40 PT 10.08 7 7 Yes 

3 18.76 169.42 86.45 H 45.56 7 2 No 

4 18.61 165.10 63.14 Q 5.58 8 7 No 

7 18.68 166.37 59.69 PT 15.28 8 6 No 

14 39.72 172.08 70.21 Q 5.06 6 2 No 

Group Mean 
± SD 

23.52±
9.16 

166.85
±4.12 

69.38±
10.35  16.31± 

16.86 
7.20± 
0.84 

4.80± 
2.59 1 Y, 4 N 

Control 

1 18.55 158.75 65.04 Q 7.78 9 8 No 

9 28.60 175.26 73.94 PT 78.22 9 6 No 

10 21.46 171.45 84.46 H 99.74 9 6 Yes 

12 20.03 156.84 52.80 BEAR 46.75 9 3 Yes 

16 20.75 168.91 69.40 PT 7.66 9 5 No 

Group Mean 
± SD 

21.88±
3.91 

166.24
±8.06 

69.13±
11.64  48.03±4

1.34 
9.00± 
0.00 

5.60± 
1.82 2 Y, 3 N 

Mean Difference ± SE 
(p-value) 

1.64 ± 
4.45 

(0.723) 

0.61 ± 
4.05 

(0.884) 

0.25 ± 
6.97 

(0.972) 
 

-31.71 ± 
19.97 

(0.151) 

-1.80± 
0.37 

(0.009)* 

-0.80± 
1.41 

(0.587) 
3 Y, 7 N 

* Statistically significant at p £ 0.05 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; TSS, time since surgery; Y, yes; 
N, no; SD, standard deviation; SE, standard error; PT, patellar tendon; H, hamstring; Q, quadriceps; BEAR, 
bridge-enhanced anterior cruciate ligament repair 
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Table 3.2. Weekly IPAQ physical activity level between groups 

 MET-min/week (Mean ± SD)   

Visit LL-BFRT  Control Mean Difference ± SE p-value 

Baseline 4,573.80 ± 3,390.73  3,107.40 ± 2,567.30 1,466.40 ± 1,902.00 0.463 

Week #1 4,361.60 ± 2,388.34  3,525.30 ± 2,957.91    836.30 ± 1,700.20 0.636 

  Week #2* 4,066.62 ± 2,466.83  2,571.00 ± 1,222.06 1,495.62 ± 1,248.04  0.270 

Week #3 5,196.20 ± 3,006.98  2,306.00 ± 1,362.57 2,890.20 ± 1,476.38 0.086 

Week #4 4,736.60 ± 2,680.21  2,447.10 ± 1,460.03 2,289.50 ± 1,364.93 0.132 

Follow-up #1 4,964.00 ± 2,605.06  2,634.50 ± 1,408.15 2,329.50 ± 1,324.33 0.117 

Follow-up #2 4,010.10 ± 1,898.07  3,040.50 ± 2,028.87 969.60 ± 1,242.49  0.458 

*One participant in LL-BFRT group excluded from week 2 summary statistics  
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy; SD, standard deviation;  
SE, standard error  
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Table 3.3. Mean PROM sum scores by group and time 
 

Abbreviations: PROM, patient reported outcome measure; LL-BFRT, low load exercise with blood flow restriction therapy; SD, standard  
deviation; ACL-RSI, Anterior Cruciate Ligament – Return to Sport Index; TSK, Tampa Scale for Kinesiophobia; IKDC, International Knee  
Documentation Committee Subjective Knee Evaluation; KOOS, Knee Injury and Osteoarthritis Outcome Score; ADL, activities of daily living;  
QoL, quality of life; GRoC, Global Rating of Change scale 
 

 

 Mean ± SD 

 Baseline  Follow-up #1  Follow-up #2 
PROM Variable LL-BFRT Control p-value  LL-BFRT Control  LL-BFRT Control 

ACL-RSI 55.30 ± 17.04 64.70 ± 16.79 0.406  76.06 ± 11.96 72.73 ± 16.38  81.36 ± 15.55 76.51 ± 12.31  
TSK 38.80 ± 7.82 33.80 ± 4.82 0.258  31.40 ± 3.05 32.00 ± 2.74  29.60 ± 2.79 29.40 ± 3.51 

IKDC 74.25 ± 14.25 79.31 ± 14.38 0.592  79.77 ± 7.52 80.23 ± 17.83  86.67 ± 7.56 79.77 ± 22.77 
KOOS 83.45 ± 9.53 87.38 ± 10.13 0.545  90.59 ± 3.19 88.57 ± 10.36  92.50 ± 1.71 87.50 ± 13.24 

Symptom 75.71 ± 13.46 74.29 ± 21.93 0.904  85.00 ± 4.66 77.86 ± 21.04  86.43 ± 2.99 75.00 ± 26.36 
Pain 88.89 ± 7.86 89.44 ± 10.83 0.928  93.89 ± 3.62 88.89 ± 12.73  95.56 ± 2.48 86.11 ± 17.24 
ADL 95.00 ± 6.63 97.94 ± 3.83 0.415  97.65 ± 1.31 97.94 ± 2.46  99.12 ± 0.80 97.06 ± 5.79 

Sport 70.00 ± 26.69 78.00 ± 22.53 0.622  85.00 ± 9.35 79.00 ± 22.75  85.00 ± 9.35 84.00 ± 19.81 
QoL 52.50 ± 14.39 72.50 ± 14.39 0.059  70.00 ± 10.27 78.75 ± 14.39  77.50 ± 12.18 76.25 ± 14.25 

GRoC - - -  5.20 ± 0.84 0.60 ± 1.34  6.00 ± 0.71  1.60 ± 2.61 
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Table 3.4. Change Scores: PROM sum scores by group 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abbreviations: PROM, patient reported outcome measure; LL-BFRT, low load exercise with blood flow restriction therapy; SD,  
standard deviation; ACL-RSI, Anterior Cruciate Ligament – Return to Sport Index; TSK, Tampa Scale for Kinesiophobia; IKDC,  
International Knee Documentation Committee Subjective Knee Evaluation; KOOS, Knee Injury and Osteoarthritis Outcome Score; 
ADL, activities of daily living; QoL, quality of life; GRoC, Global Rating of Change scale 
 
 

 Mean ± SD 
 DFollow-up #1 – Baseline  DFollow-up #2 – Baseline 

PROM Variable LL-BFRT  Control Mean 
Difference  LL-BFRT  Control Mean 

Difference 
ACL-RSI 20.76 ± 22.48 - 8.03 ± 17.84 12.73 ± 12.83  26.06 ± 22.17 - 11.82 ± 18.84 14.24 ± 13.01 

TSK -7.40 ± 6.73 - -1.80 ± 2.39 -5.60 ± 3.19  -9.20 ± 7.73 - -4.40 ± 4.93 -4.80 ± 4.10 
IKDC 5.52 ± 8.58 - 0.92 ± 5.35 4.60 ± 4.52  12.41 ± 7.85 - 0.46 ± 9.29 11.95 ± 5.44 
KOOS 7.14 ± 6.48 - 1.19 ± 1.40 5.95 ± 2.96  9.05 ± 9.01 - 0.12 ± 5.78 8.93 ± 4.79 

Symptom 9.29 ± 9.65 - 3.57 ± 5.05 5.71 ± 4.87  10.71 ± 15.57 - 0.71 ± 15.65 10.00 ± 9.87 
Pain 5.00 ± 5.69 - -0.56 ± 3.04 5.56 ± 2.89  6.67 ± 5.76 - -3.33 ± 6.63 10.00 ± 3.93 
ADL 2.65 ± 5.34 - 0.00 ± 2.08 2.65 ± 2.56  4.12 ± 6.19 - -0.88 ± 1.97 5.00 ± 2.90 

Sport 15.00 ± 18.71 - 1.00 ± 11.40 14.00 ± 9.80  15.00 ± 20.92 - 6.00 ± 16.73 9.00 ± 11.98 
QoL 17.50 ± 9.27 - 6.25 ± 8.84 11.25 ± 5.73  25.00 ± 13.26 - 3.75 ± 5.59 21.25 ± 6.43 

GRoC 5.20 ± 0.84 - 0.60 ± 1.34 4.60 ± 0.71  6.00 ± 0.71 - 1.60 ± 2.61 4.40 ± 1.21 
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Table 3.5. Separate RM-ANOVAs: PROM change scores by group and time 

PROM Variable Source F statistic p-value 𝜂!p 

ACL-RSI 
Time 4.19 0.075 0.34 

Time*Group 0.12 0.742 0.01 
Group 1.12 0.320 0.12 

TSK 
Time 6.25 0.037* 0.44 

Time*Group 0.21 0.662 0.03 
Group 2.12 0.183 0.21 

IKDC 
Time 5.35 0.049* 0.40 

Time*Group 6.99 0.030* 0.47 
Group 2.97 0.123 0.27 

KOOS 
Time 0.10 0.756 0.01 

Time*Group 1.32 0.284 0.14 
Group 3.91 0.083 0.33 

Symptom 
Time 0.06 0.807 0.01 

Time*Group 0.58 0.470 0.07 
Group 1.17 0.310 0.13 

Pain 
Time 0.13 0.731 0.02 

Time*Group 2.03 0.192 0.20 
Group 6.40 0.035* 0.44 

ADL 
Time 0.11 0.749 0.01 

Time*Group 1.75 0.222 0.18 
Group 2.18 0.178 0.21 

Sport 
Time 1.25 0.296 0.14 

Time*Group 1.25 0.296 0.14 
Group 1.15 0.314 0.13 

QOL 
Time 1.07 0.332 0.12 

Time*Group 4.27 0.073 0.35 
Group 8.45 0.020* 0.51 

GRoC 
Time 7.36 0.027* 0.48 

Time*Group 0.09 0.771 0.01 
Group 23.28 0.001* 0.74 

* Statistically significant at p £ 0.05 
Abbreviations: RM-ANOVA, repeated measures analysis of variance; PROM, patient reported  
outcome measure; ACL-RSI, Anterior Cruciate Ligament – Return to Sport Index; TSK, Tampa  
Scale for Kinesiophobia; IKDC, International Knee Documentation Committee Subjective Knee  
Evaluation; KOOS, Knee Injury and Osteoarthritis Outcome Score; ADL, activities of daily  
living; QoL, quality of life; GRoC, Global Rating of Change scale 
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Table 3.6. Pairwise Comparisons: Time by Group interaction 

  Comparison (Mean (SE))    
PROM 

Variable Group DFollow-up #2 
– Baseline  DFollow-up #1 

– Baseline Mean Difference (SE) p-value 95% CI 

IKDC 
LL-BFRT 12.41 

(3.85) - 5.52 
(3.20) 6.90 (1.97) 0.008* 2.36 – 

11.43 

Control 0.46 
(3.85) - 0.92 

(3.20) -0.46 (1.97) 0.821 -5.00 – 
4.08 

* Statistically significant at p £ 0.05 
Abbreviations: PROM, patient reported outcome measure; SE, standard error; CI, confidence interval; IKDC,  
International Knee Documentation Committee Subjective Knee Evaluation; LL-BFRT, low load exercise with 
blood flow restriction therapy 
 
Table 3.7. Pairwise Comparisons: Group 

 Comparison (Mean (SE))    
PROM Variable LL-BFRT  Control Mean Difference (SE) p-value 95% CI 

ACL-RSI 23.41 
(9.00) - 9.92 

(9.00) 13.48 (12.73) 0.320 -15.87 – 
42.84 

TSK -8.30 
(2.52) - -3.10 

(2.52) -5.20 (3.57) 0.183 -13.43 – 
3.03 

IKDC 8.97 
(3.40) - 0.69 

(3.40) 8.28 (4.80) 0.123 -2.80 – 
19.36 

KOOS 8.10 
(2.66) - 0.65 

(2.66) 7.44 (3.76) 0.083 -1.24 – 
16.12 

Symptom 10.00 
(5.13) - 2.14 

(5.13) 7.86 (7.25) 0.310 -8.87 – 
24.58 

Pain 5.83 
(2.17) - -1.94 

(2.17) 7.78 (3.07) 0.035* 0.69 – 
14.87 

ADL 3.38 
(1.83) - -0.44 

(1.83) 3.82 (2.59) 0.178 -2.15 – 
9.80 

Sport 15.00 
(7.57) - 3.50 

(7.57) 11.50 (10.71) 0.314 -13.20 – 
36.20 

QoL 21.25 
(3.95) - 5.00 

(3.95) 16.25 (5.59) 0.020* 3.36 – 
29.14 

GRoC 5.60 
(0.66) - 1.10 

(0.66) 4.50 (0.93) 0.001* 2.35 –  
6.65 

* Statistically significant at p £ 0.05 
Abbreviations: PROM, patient reported outcome measure; SE, standard error; CI, confidence interval; LL-
BFRT, low load exercise with blood flow restriction therapy; ACL-RSI, Anterior Cruciate Ligament – Return to 
Sport Index; TSK, Tampa Scale for Kinesiophobia; IKDC, International Knee Documentation Committee 
Subjective Knee Evaluation; KOOS, Knee Injury and Osteoarthritis Outcome Score; ADL, activities of daily 
living; QoL, quality of life; GRoC, Global Rating of Change scale 
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Table 3.8. Pairwise Comparisons: Time 

 Comparison (Mean (SE))    

PROM Variable DFollow-up #2 
– Baseline   DFollow-up #1 

– Baseline  Mean Difference (SE) p-value 95% CI 

ACL-RSI 18.94 
(6.51) - 14.39 

(6.42) 4.55 (2.22) 0.075 -0.58 – 
9.67 

TSK -6.80 
(2.05) - -4.60 

(1.60) -2.20 (0.88) 0.037* -4.23 –  
-0.17 

IKDC 6.44 
(2.72) - 3.22 

(2.26) 3.22 (1.39) 0.049* 0.01 –  
6.43 

KOOS 4.58 
(2.39) - 4.17 

(1.48) 0.42 (1.30) 0.756 -2.57 – 
3.41 

Symptom 5.71 
(4.94) - 6.43 

(2.44) -0.71 (2.82) 0.807 -7.23 – 
5.80 

Pain 1.67 
(1.96) - 2.22 

(1.44) -0.56 (1.56) 0.731 -4.15 – 
3.04 

ADL 1.62 
(1.45) - 1.32 

(1.28) 0.29 (0.89) 0.749 -1.75 – 
2.34 

Sport 10.50 
(5.99) - 8.00 

(4.90) 2.50 (2.24) 0.296 -2.66 – 
7.66 

QoL 14.38 
(3.22) - 11.88 

(2.86) 2.50 (2.42) 0.332 -3.08 – 
8.08 

GRoC 3.80 
(0.60) - 2.90 

(0.35) 0.90 (0.33) 0.027* 0.14 –  
1.66 

* Statistically significant at p £ 0.05 
Abbreviations: PROM, patient reported outcome measure; SE, standard error; CI, confidence interval; ACL-
RSI, Anterior Cruciate Ligament – Return to Sport Index; TSK, Tampa Scale for Kinesiophobia; IKDC,  
International Knee Documentation Committee Subjective Knee Evaluation; KOOS, Knee Injury and 
Osteoarthritis Outcome Score; ADL, activities of daily living; QoL, quality of life; GRoC, Global Rating of 
Change scale 
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Table 3.9. MCID Proportions 

 Achieved MCID (no. / total no. (%)) 
 DFollow-up #1 – Baseline  DFollow-up #2 – Baseline 

Characteristic LL-BFRT  Control  LL-BFRT  Control 

ACL-RSI (³ 10) 3/5 (60)  1/5 (20)  4/5 (80)  1/5 (20) 
TSK (³ 6) 2/5 (40)  0/5 (0)  4/5 (80)  3/5 (60) 

IKDC (³ 9) 2/5 (40)  0/5 (0)  3/5 (60)  1/5 (20) 
KOOS (³ 8) 2/5 (40)  0/5 (0)  2/5 (40)  0/5 (0) 

Symptom 2/5 (40)  1/5 (20)  2/5 (40)  1/5 (20) 
Pain 1/5 (20)  0/5 (0)  1/5 (20)  0/5 (0) 
ADL 1/5 (20)  0/5 (0)  1/5 (20)  0/5 (0) 

Sport 4/5 (80)  1/5 (20)  4/5 (80)  2/5 (40) 
QoL 4/5 (80)  1/5 (20)  4/5 (80)  0/5 (0) 

GRoC (³ 5) 4/5 (80)  0/5 (0)  5/5 (100)  1/5 (20) 
Abbreviations: MCID, minimally clinically important difference; LL-BFRT, low load exercise with blood flow 
restriction therapy; ACL-RSI, Anterior Cruciate Ligament – Return to Sport Index; TSK, Tampa Scale for 
Kinesiophobia; IKDC, International Knee Documentation Committee Subjective Knee Evaluation; KOOS, Knee 
Injury and Osteoarthritis Outcome Score; ADL, activities of daily living; QoL, quality of life, GRoC, Global 
Rating of Change scale
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Table 3.10. Pearson correlations between changes in quadriceps strength and changes in PROMs 

Torque 
Measure Variable Change 

PROM 

ACL-RSI TSK IKDC KOOS Symptom Pain ADL Sport QoL GRoC 

Peak 
Torque at 
90 deg/s 

Limb 
Symmetry 

Index  
(%) 

DFollow-up #1 
– Baseline 

0.71* 
(0.021) 

-0.70* 
(0.025) 

0.63 
(0.053) 

0.61 
(0.059) 

0.52 
(0.120) 

0.71* 
(0.021) 

0.38 
(0.275) 

0.40 
(0.253) 

0.44 
(0.203) 

0.71* 
(0.022) 

DFollow-up #2 
– Baseline 

0.68* 
(0.029) 

-0.49 
(0.151) 

0.60 
(0.066) 

0.51 
(0.136) 

0.43 
(0.211) 

0.57 
(0.084) 

0.45 
(0.195) 

0.23 
(0.532) 

0.58 
(0.078) 

0.57 
(0.084) 

Involved 
Limb 

Strength 
(Nm/kg) 

DFollow-up #1 
– Baseline 

0.77** 
(0.009) 

-0.69* 
(0.029) 

0.65* 
(0.043) 

0.67* 
(0.035) 

0.64* 
(0.045) 

0.70* 
(0.025) 

0.39 
(0.260) 

0.45 
(0.191) 

0.47 
(0.167) 

0.74* 
(0.014) 

DFollow-up #2 
– Baseline 

0.74* 
(0.016) 

-0.47 
(0.171) 

0.68* 
(0.035) 

0.64* 
(0.046) 

0.59 
(0.072) 

0.78** 
(0.008) 

0.57 
(0.088) 

0.28 
(0.434) 

0.59 
(0.071) 

0.69* 
(0.028) 

* Statistically significant at p £ 0.05 
** Statistically significant at p £ 0.01 
Abbreviations: PROM, patient reported outcome measure; ACL-RSI, Anterior Cruciate Ligament – Return to Sport Index; TSK, Tampa Scale for  
Kinesiophobia; IKDC, International Knee Documentation Committee Subjective Knee Evaluation; KOOS, Knee Injury and Osteoarthritis Outcome Score; 
ADL, activities of daily living; QoL, quality of life; GRoC, Global Rating of Change scale 
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Figures 

Figure 3.1. Changes in IKDC sum scores by group and time. 

 
Abbreviations: IKDC, International Knee Documentation Committee Subjective  
Knee Evaluation; LL-BFRT, low load exercise with blood flow restriction therapy 
 
 
Figure 3.2. Changes in GRoC by group and time. 

 
Abbreviations: GRoC, Global Rating of Change scale; LL-BFRT, low load exercise 
 with blood flow restriction therapy 
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Figure 3.3. Changes in KOOS sum scores (A) composite, (B) symptom, (C) pain, (D) activities of daily 
living, (E) sport, (F) quality of life by group and time.  

 
Abbreviations: KOOS, Knee Injury and Osteoarthritis Outcome Score; ADL, activities of daily living; QoL, 
quality of life; LL-BFRT, low load exercise with blood flow restriction therapy 
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Figure 3.4. Changes in ACL-RSI sum scores by group and time. 

 
Abbreviations: ACL-RSI, Anterior Cruciate Ligament – Return to Sport Index;  
LL-BFRT, low load exercise with blood flow restriction therapy 
 
 
Figure 3.5. Changes in TSK sum scores by group and time. 

 
Abbreviations: TSK, Tampa Scale for Kinesiophobia; LL-BFRT, low load exercise 
 with blood flow restriction therapy 
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APPENDIX A: THE PROBLEM 
 

Statement of the Problem  

 This project aimed to address the underlying mechanisms and effects of low-load 

blood flow restriction therapy (LL-BFRT) in three ways: 1) Identifying the effects of LL-

BFRT on motor unit recruitment and behavior of the vastus lateralis during exercise, 2) 

Examining the effects of a LL-BFRT intervention program on muscle function in patients 

post-anterior cruciate ligament reconstruction (ACLR) presenting with quadriceps strength 

deficits, and 3) Exploring the psychological effects of LL-BFRT in patients post-ACLR.  

 

Manuscript I 

Low-load exercise with blood flow restriction therapy (LL-BFRT) may offer 

clinicians a complementary therapeutic approach for achieving neuromuscular gains while 

mitigating the potentially harmful adverse events associated with increased joint stress during 

high load resistance exercise. LL-BFRT has been speculated to enhance muscle function by 

metabolically stimulating the early recruitment of high threshold motor units and type II 

(fast-twitch anaerobic) muscle fibers during exercise.1,2 This recruitment has been suggested 

to lead to increases in muscle strength and hypertrophy, despite exercises producing low 

mechanical tension, by stimulating more muscle fibers hence causing a more widespread 

hypertrophic stimulus within the muscle.2,3  

These changes in muscle activation and motor unit recruitment during LL-BFRT have 

been primarily quantified using general measures of surface electromyography (sEMG) such 

as EMG amplitude and integrated EMG.4–7  However, due to the influence of factors such as 

motor unit synchronization and fatigue, we are unable to unambiguously assess changes at 
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the motor unit level using these indirect measurement techniques.4–7 Utilization of novel 

sEMG technology with motor unit decomposition capabilities (i.e., Trigno Galileo Sensor) 

may allow for further investigation of the underlying mechanisms of LL-BFRT in a 

functional, real-time manner during submaximal exercise. 

 

Manuscript II 

Regaining full strength and limb symmetry of the quadriceps following ACLR is 

critical for successful recovery and reducing the risk of devastating, long-term health 

ramifications such as reinjury and knee osteoarthritis. Achieving side-to-side quadriceps 

strength deficits of 10% or less has been recommended as a criterion for physical activity 

clearance after ACLR.8,9 However, despite the completion of traditional post-surgical 

rehabilitation programs, persistent quadriceps weakness continues to be a major limitation for 

many individuals following ACLR.10,11 Reports have indicated surgical limb knee extensor 

strength deficits up to 30% compared to the non-surgical limb in patients six months post-

surgery.12  

Unfortunately, no true standard of care has been established for improving quadriceps 

strength deficits in patients failing to respond to these more traditional methods of 

rehabilitation. Exploring non-traditional therapeutic techniques may help to identify an 

alternative approach for addressing these strength limitations in patients post-ACLR. Recent 

research has suggested that LL-BFRT may be a viable treatment option for improving muscle 

function in patients following an ACLR.13–18 However, additional investigation of the effects 

of LL-BFRT in patients with persistent quadriceps weakness after ACLR is warranted.  
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Manuscript III 

Along with physical and social components, psychological characteristics are critical 

factors to consider when evaluating an individual’s response to injury and readiness for 

unrestricted physical activity after ACL injury and surgical reconstruction. Subjective factors 

including fear of reinjury, unsatisfactory knee function, and lack of knee confidence have 

been identified as barriers for the return to physical activity and sport following ACLR.19 

Direct relationships have been identified between these psychological limitations and 

lingering quadriceps weakness in patients post-ACLR.20,21 Exploring interventions that may 

address both the physical and psychological components of recovery could improve the 

overall rehabilitative process in this patient population. Recent studies have secondarily 

examined the effects of LL-BFRT for improving common patient reported outcomes 

measures in patients following knee surgery.15 However, the overall psychological 

implications of LL-BFRT in patients with quadriceps strength deficits in the later stages of 

recovery following ACLR has not yet been fully investigated. Gaining a better understanding 

of the physiological and psychological responses related to LL-BFRT is critical for 

evaluating its overall clinical utility in an ACLR population. 

 

Experimental Hypotheses 

Specific Aim I: To determine the effects of LL-BFRT on motor unit recruitment and motor 

unit behavior compared to standard LL exercise without BFRT. 

Primary Hypothesis I: We hypothesize that the LL-BFRT condition will increase overall 

motor unit recruitment of the vastus lateralis compared to the LL condition.  
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Specific Aim II: To examine the effects of LL-BFRT on muscle strength and limb 

symmetry in patients with quadriceps strength deficits following ACLR compared to a 

control condition. 

Primary Hypothesis II: Those treated with LL-BFRT will experience improved quadriceps 

strength deficits compared to those to those exposed to a control condition. 

 

Specific Aim III: To explore the effects of LL-BFRT on patient reported outcomes in 

patients with quadriceps strength deficits following ACLR compared to a control 

condition. 

Primary Hypothesis III: Individuals treated with LL-BFRT will experience improvements in 

kinesiophobia, subjective function, psychological readiness, and the overall condition of their 

injured limb compared to participants exposed to a control condition. 

 

Project and Designs 

I. Manuscript I 

Motor Unit Recruitment During Low Load Exercise with Blood Flow Restriction 

Therapy   

a. Research Question  

• How does BFRT influence motor unit recruitment and behavior during 

low-load exercise compared to low-load exercise without BFRT? 

b. Experimental Design 

• Cross-Sectional Cross-Over Study 

c. Independent Variables:  
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• Exercise condition (LL-BFRT vs. LL)  

• Exercise set (Set 1-4 and a maximal isometric fatigue trial)  

d. Dependent Variables:  

• Number of motor units recruited  

• Peak Motor Unit Action Potential Amplitude  

• Average Motor Unit Action Potential Amplitude  

• Peak Motor Unit Firing Rate 

• Average Motor Unit Firing Rate 

• Initial Motor Unit Firing Rate 

• Terminal Motor Unit Firing Rate 

• Rating of Perceived Exertion (RPE) 

e. Inclusion  

• Adults 18 years of age or older 

• Score of 14 or more on the Godin Leisure-Time Exercise Questionnaire or 

a score of 5 or more on the Tegner Activity Scale  

• Willingness and ability to comply with the scheduled visit and study 

procedures 

f. Exclusion 

• Lower extremity injury within the past 6 months 

• Lower extremity surgery within the past 12 months  

• History or current diagnosis of a metabolic, pulmonary, or cardiovascular 

disease (e.g., Peripheral Artery Disease and/or Peripheral Vascular 

Disease (PAD/PVD), diabetes, venous thromboembolism, deep vein 
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thrombosis, impaired circulation or peripheral vascular compromise, 

sickle cell anemia, and severe hypertension) 

• Current use of anti-coagulant medication 

• Current diagnosis of cancer 

• Patient is pregnant 

• Unable to provide informed consent  

 

II. Manuscript II 

Influence of Blood Flow Restriction Therapy on Quadriceps Weakness in Patients 

Post-Anterior Cruciate Ligament Reconstruction 

a. Research Question  

• Does the utilization of LL-BFRT improve quadriceps strength deficits in 

patients post-ACLR? 

b. Experimental Design 

• Randomized Pilot Study 

c. Independent Variables: 

• Group (LL-BFRT vs. True Control)  

d. Dependent Variables:  

• Involved Knee Extensor Strength (Nm/kg) 

o Isokinetic knee extension at 180 deg/s 

o Isokinetic knee extension at 90 deg/s 

o Isometric knee extension at 90 deg of knee flexion 

• Knee Extensor Strength – Limb Symmetry Index (%)  
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o Isokinetic knee extension at 180 deg/s 

o Isokinetic knee extension at 90 deg/s 

o Isometric knee extension at 90 deg of knee flexion 

e. Inclusion  

• 15-64 years of age 

• Diagnosis of unilateral ACLR 

• 3 months or more post-ACLR 

• Limb symmetry index (LSI) for isokinetic or isometric knee extension 

strength is < 80% (LSI = (ACLR / Contralateral) * 100) 

f. Exclusion  

• Graft failure 

• Severe surgical complication 

• Current or history of cardiovascular, metabolic, or neurological disorders 

or conditions (e.g., Peripheral Artery Disease and/or Peripheral Vascular 

Disease (PAD/PVD), diabetes, venous thromboembolism, deep vein 

thrombosis, impaired circulation or peripheral vascular compromise, 

sickle cell anemia, and severe hypertension)  

• Current use of anti-coagulant medication 

• Known pregnancy (per query) 

• Malignancy diagnosis 

• Serious infection near lower limb 

• Muscular abnormalities  
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• Formal, structured experience with LL-BFRT during post-surgical ACLR 

physical therapy  

 

III. Manuscript III 

Psychological Responses to Blood Flow Restriction Therapy in Patients Following 

Anterior Cruciate Ligament Reconstruction 

a. Research Question 

• Does LL-BFRT improve patient-reported outcome measures in patients 

with quadriceps strength deficits following ACLR? 

• Secondary: Is there a relationship between changes in quadriceps strength 

symmetry and changes in patient reported outcome measures? 

b. Experimental Design 

• Exploratory Pilot Study 

c. Independent Variables:  

• Group (LL-BFRT vs. Control)  

d. Dependent Variables:  

• Subjective Knee Function and Symptomology 

o International Knee Documentation Committee Subjective Knee 

Evaluation (IKDC) 

o Knee Injury and Osteoarthritis Outcome Score (KOOS) 

• Psychological Readiness 

o Anterior Cruciate Ligament – Return to Sport Index (ACL-RSI) 

• Fear of Movement and Reinjury 
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o Tampa Scale for Kinesiophobia (TSK) 

• Overall patient perception of involved limb 

o Global Rating of Change (GRoC)  

e. Inclusion 

• 15-64 years of age 

• Diagnosis of unilateral ACLR 

• 3 months or more post-ACLR 

• Limb symmetry index (LSI) for isokinetic or isometric knee extension 

strength is < 80% (LSI = (ACLR / Contralateral) * 100) 

f. Exclusion 

• Graft failure 

• Severe surgical complication 

• Current or history of cardiovascular, metabolic, or neurological disorders 

or conditions (e.g., Peripheral Artery Disease and/or Peripheral Vascular 

Disease (PAD/PVD), diabetes, venous thromboembolism, deep vein 

thrombosis, impaired circulation or peripheral vascular compromise, 

sickle cell anemia, and severe hypertension)  

• Current use of anti-coagulant medication 

• Known pregnancy (per query) 

• Malignancy diagnosis 

• Serious infection near lower limb 

• Muscular abnormalities  
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• Formal, structured experience with LL-BFRT during post-surgical ACLR 

physical therapy  

 

Assumptions 

• Participants were honest when answering all questions related to inclusion and 

exclusion criteria  

• Participants exerted maximal effort during each baseline and follow-up strength 

assessment 

• Participants gave their best effort during the LL-BFRT intervention program (if 

allocated to the LL-BFRT intervention group)  

• Participants were honest when answering all patient reported outcome measures  

• Participants allocated to the control group did not perform LL-BFRT while 

participating in the study 

• Knee extension assessments were representative of maximal quadriceps strength 

• Muscle activation assessed via sEMG was isolated to the vastus lateralis and was not 

influenced by cross-talk from surrounding musculature 

• Participants did not take part in any strenuous activity within 24 hours of their 

scheduled study session (Manuscript I) 

• Measurement tools were accurate and reliable 

 

Delimitations 

• Participation was limited by our predetermined inclusion and exclusion criteria 

• All components of the project were completed at a single-site academic institution  
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• All participants were between 15 to 64 years of age 

• Participants were recruited from the local university as well as the surrounding 

community and associated health system 

• Participants were randomly allocated to their group assignment (Manuscript II/III) 

• LL-BFRT exercise sessions were supervised by a single certified athletic trainer 

across the entire intervention timeframe 

• Strength assessments were completed by a blinded assessor (Manuscript II) 

• Torque output was normalized to a participant’s body mass to allow for between 

subject comparisons (Manuscript II)  

• Participants served as their own control for making comparisons (Manuscript I) 

• Participants reported having no formal experience with LL-BFRT in their previous 

post-surgical rehabilitative program (Manuscript II/III)  

 

Limitations 

• For Manuscript II and III, our sample size was relatively small compared to the 

overall target population due to the pilot design of our study 

• Our samples for each manuscript were primarily comprised of females (all females in 

Manuscript II/III) 

• Due to methodological constraints in Manuscript I, we were unable to make direct 

comparisons to determine how an individual motor unit’s behavioral characteristics 

may have changed across each set of exercise and condition 



 124 

• For Manuscript I, we were unable evaluate motor unit recruitment thresholds as 

measures of torque output and muscle activation were not synchronized during each 

assessment 

• For Manuscript II and III, participants enrolled in the study at varying stages in their 

recovery process as indicated by their time since surgery 

• We were unable to determine what each participant may have experienced during 

their previous post-surgical rehabilitation program following their ACLR 

• For Manuscript II, we were unable to determine the direct underlying cause of a 

participant’s persistent quadriceps strength deficits 

• For Manuscript III, the TSK has not been validated in an ACLR population 

• One participant in the control group for Manuscript II/III received clearance for 

unrestricted physical activity midway through the intervention timeframe 

 

Operational Definitions & Equations  

1. Isokinetic strength – The amount of torque produced during a task where the velocity 

of movement is set at a certain speed.  

2. Isometric strength – The amount of torque produced during a task where the joint 

maintains a stationary position.  

3. Maximal Voluntary Isometric Contraction – The peak torque that can be generated 

voluntarily with the joint in a stationary position.  

4. Limb Symmetry Index – The comparison of the involved limb (ACL-Reconstructed 

limb) to the uninvolved (Healthy) limb. The limb symmetry index (LSI) was 

calculated as: (Involved Limb/Uninvolved Limb) *100 



 125 

5. Patient Reported Outcome Measure (PROM) – Subjective assessments that measure 

the influence of injury or illness on an individual’s function, lifestyle, and well-being.  

6. Persistent Muscle Weakness – Strength deficits that report following injury or surgery 

and that do not improve following prescribed treatments and rehabilitation.  

7. Limb Occlusion Pressure (LOP) – Minimum amount of pressure needed to fully 

occlude the flow of arterial blood distal to the site of cuff application.22 

8. Personalized Tourniquet Pressure (PTP) - An individualized amount of pressure 

determined by taking a percentage of an individual's total limb occlusion pressure. 

9. Surface Electromyogram (sEMG) – The electrical signal generated by a muscle 

contraction as detected from the skin surface.23 

10. Motor Unit – A group of skeletal muscle fibers innervated by a single alpha motor 

neuron.23 

11. Motor Unit Action Potential (MUAP) – The electrical signal generated by a motor 

unit firing.23 

12. Peak Firing Rate – The inverse of the max inter-pulse interval of all motor unit firing 

instances within the specified time interval. Each inter-pulse interval is a measure of 

the interval between adjacent motor unit firing instances.23  

13. Average Firing Rate – The inverse of the average inter-pulse interval of all motor unit 

firing instances within the specified time interval. Each inter-pulse interval is a 

measure of the interval between adjacent motor unit firing instances.23 

14. Peak MUAP Amplitude – The maximum across all channels of the maximum value 

of the rectified MUAP waveforms.23 
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15. Average MUAP Amplitude – The mean across all channels of the maximum value of 

the rectified MUAP waveforms.23  

 

Innovation 

Manuscript I 

 The implementation of BFRT during low resistance exercise has been suggested to 

elicit strength gains and muscular hypertrophy via altered recruitment of high threshold 

motor units. Until recently, this proposed physiological mechanism of LL-BFRT has been 

investigated using indirect measures of sEMG.4–7 Unfortunately, these methods are unable to 

directly assess changes in muscle activation at the individual motor unit level. Utilizing 

novel, noninvasive sEMG technology with motor unit decomposition capabilities may 

counter these limitations and help to further elucidate the influence of BFRT on motor unit 

recruitment.24  

The proposed study would provide preliminary evidence to support this proposed 

mechanism of LL-BFRT on motor unit recruitment and behavior in healthy, physically active 

individuals. By exploring the recruitment of motor units and their specific behavior 

characteristics such as the number of motor units recruited, peak and average firing rates, and 

peak and average action potential amplitudes, we can begin to examine how LL-BFRT may 

influence these factors during exercise.  

 

Manuscript II 

Rupture of the ACL is one of the most common knee-related injuries. In the United 

States, an estimated 250,000 ACL injuries are sustained per year with many patients electing 
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to undergo surgical reconstruction followed by postoperative physical therapy.25 While the 

structure and components of traditional ACLR rehabilitation programs may vary, protocols 

typically focus on restoring knee function and increasing muscle strength in order to return 

patients to preinjury levels of physical activity and reduce the risk of subsequent injury. 

Despite the completion of traditional rehabilitation, persistent quadriceps weakness continues 

to be a major limitation and costly burden for many individuals following ACLR.10,11  

Unfortunately, there is no true standard of care for patients that have failed to respond 

to traditional ACLR rehabilitation in terms of muscle weakness and atrophy. Non-traditional 

therapies, such as LL-BFRT, have been recently investigated as potential rehabilitative 

treatment techniques for improving muscle strength in patients post-ACLR. However, many 

of these studies have explored the implementation of LL-BFRT early on in the rehabilitative 

process (2 days to 18 weeks post-operatively).13–18 The benefits of LL-BFRT for improving 

muscle strength deficits during the later phases of rehabilitation have yet to be substantially 

explored. This intervention study would provide evidence to support the utilization of LL-

BFRT as complementary treatment approach for improving muscle strength deficits during 

the mid-to-late post-operative phases of rehabilitation in patients following ACLR.  

 

Manuscript III 

Although successful recovery after ACLR is considered to be multifactorial, 

identification of interventions that are able to address both the modifiable physical (i.e., 

strength and functional performance) and psychological risk factors (i.e., anxiety, 

psychological readiness, fear of reinjury, and subjective appraisal of knee function) 
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associated with poor recovery may improve the return to sport process and mitigate the risk 

of reinjury.26,27  

While the physiological effects of LL-BFRT, including increased muscle strength and 

hypertrophy with reduced joint loading, have started to be examined,28 the psychological 

impact of this treatment method has not been fully investigated. As BFRT drastically 

increases the perceived difficulty of low load exercises due to augmented exercise induced 

muscle fatigue, patients may report the exercise as more challenging and that they are getting 

stronger despite decreased loading and mechanical tension. Recent studies have secondarily 

examined the subjective outcomes associated with BFRT and have demonstrated conflicting 

results.29–33 Findings associated with the proposed study would provide evidence to support 

the psychological benefits associated with LL-BFRT in patients with quadriceps strength 

deficits following ACLR and traditional post-surgical rehabilitation.  
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APPENDIX B: LITERATURE REVIEW 
 

The purpose of this literature review is to I: Review the neuromuscular system 

including motor unit characteristics and mechanisms of muscle growth and performance, II: 

Review the anterior cruciate ligament including its anatomy and surrounding musculature, 

injury epidemiology and risk factors, injury intervention, traditional post-surgical 

rehabilitation procedures, and common neuromuscular and psychological limitations after 

surgical reconstruction, III: Review the proposed mechanisms of blood flow restriction 

therapy and its potential benefits in patients following anterior cruciate ligament 

reconstruction.  

 

Section I: Neuromuscular System  

 The neuromuscular system is comprised of two major organ systems: the muscular 

system and the nervous system. This intricate network of connections between extrafusal 

muscle fibers and alpha motor neurons allows for communication between the central 

nervous system, peripheral nervous system, and muscles to produce muscle contractions 

resulting in bodily movement. The specialized site of communication between the axon 

terminal of an alpha motor neuron, synaptic cleft, and motor end plate of a muscle fiber is 

known as the neuromuscular junction (NMJ).1  

To initiate and terminate a muscle contraction, the following series of events must 

take place.2 As an action potential (i.e., electrical stimuli) propagates from the cell body of an 

alpha motor neuron towards the axon terminal, a neurotransmitter, acetylcholine, is released 

into the synaptic cleft where it binds to acetylcholine-receptor membrane channels on the 

motor end plate. This binding allows for the action potential to transfer from the neuron to 
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the muscle fiber where it then travels along the sarcolemma, down various transverse-tubules 

(i.e., T-tubules) resulting in a release of calcium ions from the sarcoplasmic reticulum into 

the cytosol via gated calcium channels. This excitation-contraction coupling event is the 

primary mechanism for eliciting muscle fiber contraction. Calcium ions bind to troponin 

revealing active binding sites along actin filaments for myosin head attachment. Utilizing 

ATP, the interaction between actin and myosin (i.e., cross-bridge formation) produces 

sarcomere shortening creating tension within the muscle. Cycles of cross-bridge formation 

between actin and myosin are subject to continue as long as calcium ions and ATP are 

available within the cytosol. Once action potentials cease, calcium ions are removed from the 

cytosol via calcium ion pumps, troponin regains its initial position covering myosin binding 

sites, and myosin heads split ATP into ADP and phosphate resulting in recocking of the free 

myosin heads and muscle relaxation. The strength of a motor response is directly 

proportional to the action potential frequency and number of motor units stimulated.2 

 

Motor Unit Characteristics 

A motor unit, often considered the final common pathway,3,4 is defined as an alpha 

motor neuron and all of the homogenous muscle fibers that it innervates. An early feline 

study by Burke et al.5 described the identification and classification of motor units into three 

distinguishable categories: slow (S), fast-fatigue resistant (FR), and fast-fatigable (FF). This 

classification scheme is based on several motor unit characteristics such as their fatiguability, 

twitch response, and histochemical profile.5–7 However, more recently, Heckman and Enoka8 

have suggested the continuous distribution of these characteristics in humans and have 

proposed the utilization of terminology based on a motor unit’s recruitment threshold in 
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terms of force (i.e., low- and high-threshold motor units). Although several variations have 

been described, research has suggested that there are three primary types of skeletal muscle 

fibers (i.e., isoforms of the myosin heavy chain) that are innervated by alpha motor neurons 

in the human body: Type I, Type IIA, and Type IIX.9 Muscle fibers innervated by a given 

alpha motor neuron are intermingled within a region of the muscle to allow for an even 

production of tension on the respective muscle tendon. Similar to that of motor units, muscle 

fibers are often referred to by their contractile characteristics and utilization of oxidative or 

glycolytic energy sources with Type I fibers referred to as slow oxidative, Type IIA fibers 

referred to as fast oxidative glycolytic, and Type IIX fibers referred to as fast glycolytic.10,11  

In general, Type I muscle fibers are typically associated with smaller alpha motor neurons 

with low force recruitment thresholds and present with small amplitude, long duration twitch 

responses and are capable of producing low-grade contractions for sustained periods of 

time.11 Conversely, larger alpha motor neurons with higher force recruitment thresholds 

innervate Type IIA and Type IIX muscle fibers that have fast twitch responses and are 

capable of producing fast, high-grade contractions (Figure B1).11  

A given muscle can contain 

hundreds of motor units that innervate 

up to thousands of muscle fibers. 

However, the distribution of motor 

unit and muscle fiber types within a 

muscle is largely dependent on the 

function of that muscle. For example, 

on average the human vastus lateralis 
Figure B1. A. Large motor unit; B. Small motor unit  
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muscle is composed of 40% to 70% Type I muscle fibers, 20% to 30% Type IIA muscle 

fibers, and 7% to 30% Type IIX muscle fibers.12–14 In general, muscles responsible for 

generating low forces and performing fine, precise movements (i.e., movement of the eyes 

and fingers) are commonly innervated by smaller motor units that possess low innervation 

ratios.11 Whereas muscles that produce larger forces and perform more gross movements 

(i.e., jumping or kicking) tend to have higher innervation ratios.11  

Additionally, the amount of force produced by a muscle can be modulated by two 

primary mechanisms: altering the number of active motor units or their firing rates.15 When 

force production is initiated, smaller motor units with lower recruitment thresholds tend to be 

activated first followed by progressive activation of larger motor units with higher 

recruitment thresholds as force production increases.16–18 This phenomenon is also known as 

the “Henneman Size Principle”.16–18 This orderly recruitment of motor units by size allows 

for smooth, graded muscle contractions that are dependent on the desired force output.11  

During sustained contractions, motor units with similar recruitment thresholds discharge on a 

rotating basis to allow for metabolic recovery thus minimizing the impact of neuromuscular 

fatigue.19,20 In terms of firing 

rates, the relationship 

between motor unit 

recruitment thresholds and 

firing rates has been 

debated.15 Traditionally, the 

notion that motor units with 

higher recruitment thresholds 

Figure B2. Simulated motor unit firing rate as a function of 
increasing input excitation to the motor neuron pool in the 
Onion-Skin (B1) and AHP (B2) scheme. (De Luca and Contessa, 
2015) 
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have higher firing rates than motor units with lower recruitment thresholds has been 

commonly accepted.15,21 This hypothesis suggests that alpha motor neurons with larger 

diameters present with shorter after-hyperpolarization periods and higher firing rates than 

alpha motor neurons with smaller diameters.15,21 This linear relationship between recruitment 

threshold and firing rate has also been referred to as the “after-hyperpolarization” (AHP) 

scheme.15,21 However, another phenomenon, commonly referred to as the “onion-skin” 

scheme,22 suggests an inverse relationship between recruitment threshold and firing rate. In 

contrast, this scheme indicates that during voluntary, constant-force contractions motor units 

recruited early on display and maintain higher firing rates than motor units recruited later 

(Figure B2).15 

 

Mechanisms of Muscle Growth and Performance  

Muscle growth, or hypertrophy which is defined as an enlargement of a body part or 

muscle resulting from an increase in the size of its existing cells, occurs when protein 

synthesis exceeds protein breakdown generating a positive net protein balance.23 In general, 

muscle hypertrophy can be achieved in two ways: an increase in muscle fiber diameter or an 

increase in muscle fiber length by adding additional sarcomeres in series along the 

myofibrils. Conversely, atrophy is the reduction in the size, tone, and power of a muscle due 

to disease or inactivity.24 As the cross-sectional area of muscles increase, there is a 

proportional increase in muscular strength, or the ability of a muscle to produce a single bout 

of maximal force. There are three proposed mechanisms for stimulating exercise-induced 

muscle growth including mechanical tension, metabolic stress, and muscle damage.25,26  
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Mechanically induced tension is created when muscle fibers are either passively 

stretched (i.e., passive tension) or actively contracted (i.e., active tension) when resisting an 

external load. The combination of active and passive tension produced during eccentric 

muscle contractions may elicit an additive hypertrophic response generated by overall 

mechanical tension.26 Evidence has demonstrated that mechanical stress is a primary 

determinant of muscle hypertrophy.27,28 According to Wackerhage et al,29 there are several 

evidence-based theories to support the relationship between mechanical stimuli and muscle 

growth. For example, reduced mechanical loading during periods of immobilization has been 

associated with muscle atrophy,30 whereas mechanically overloaded muscles have 

demonstrated characteristics of hypertrophy.28  However, when used in isolation mechanical 

tension has been shown to induce neural adaptations without associated muscle hypertrophy, 

therefore secondary mechanisms of metabolic stress and muscle damage are necessary for 

optimal muscular improvements.31,32  

Metabolic stress due to metabolite accumulation is also considered to be an important 

secondary component of the exercise-induced hypertrophic response within muscles.26 After 

performing exercise that relies on anaerobic glycolysis for ATP production, such as high load 

(HL) training, there is a subsequent production and accumulation of metabolites including 

lactate, hydrogen ions, and inorganic phosphate.26,27 The abundance of these metabolites 

produced during glycolytic-based training generates metabolic stress and may act as an 

assistive mechanism for stimulating muscle growth. Similarly, the hypoxic environment 

produced during resistance training can augment this metabolite accumulation and further 

prompt the hypertrophic response. Hypertrophic adaptations resulting from metabolic stress 

have been associated with increased muscle fiber recruitment, elevated hormone and reactive 



 138 

oxygen species production, altered myokines, and cellular swelling.27,33–36 It has been 

suggested that exercise-induced muscle damage (EIMD), often resulting from unaccustomed 

exercise, may also contribute to muscle hypertrophy.37 Ranging from indistinguishable 

microtrauma to compromised contractile components within muscle tissue, the severity of 

EIMD is dependent on several factors including exercise type, intensity, and duration.38 

Given the increased mechanical tension produced when performing exercise in a lengthened 

state, eccentric exercise has been proposed to have a greater contribution to EIMD compared 

to concentric and isometric-based exercises.37,39,40 It has also been suggested that 

mechanically induced detachment of actin and myosin cross-bridges formations may be 

related to EIMD during eccentric exercise.41 Currently, research has established that EIMD 

may be associated with factors related to muscle repair and regeneration such as 

inflammatory cell and insulin-like growth factor-1 signaling, satellite cell activity, and 

cellular swelling.37 However, insufficient evidence has been established to confirm the causal 

relationship between muscle damage and hypertrophy.37       

The capacity of a muscle to perform work via strength, power, and endurance is also 

known as muscle performance or fitness. When exercising to improve muscle performance 

via increases in muscle strength and size, initial increases in strength that are noted without 

increases in muscle size typically occur due to improved neuromuscular function.24 As 

muscles are overloaded during exercise or weight training, additional motor units become 

activated and more efficient at transmitting action potentials resulting in stronger muscle 

contractions and greater force output. It has also been suggested that improvements in 

strength following resistance training may reverse in as little as 48 hours. Therefore, 

consistent exercise is required to prevent decrements in strength and atrophy. Strengthening 
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recommendation guidelines from the American College of Sports Medicine recommend the 

use of resistance training at 60-70% of the 1 repetition maximum (1RM) for novice 

individuals and 80% of the 1RM for experienced individuals to induce strength and 

hypertrophy responses.42 Unfortunately, these loads are not well tolerated after injury, 

surgical intervention, or in elderly populations. 

 

Section II: Anterior Cruciate Ligament Injury and Surgical Reconstruction 

Anatomy 

There are four 

primary ligamentous 

structures within the 

tibiofemoral joint that are 

responsible for reducing 

excessive motion about the 

joint: the anterior cruciate 

ligament (ACL), the posterior cruciate ligament (PCL), the medial collateral ligament 

(MCL), and the lateral collateral ligament (LCL) (Figure B3). The ACL is responsible for 

controlling and limiting excessive anterior translation of the tibia and extreme degrees of 

internal and external tibial rotation.43 It has been suggested that the ACL is comprised of two 

primary bundles, the anteromedial bundle (AM) and the posterolateral bundle (PL), which 

have been named based on their insertion location on the tibia.44 Each of these component 

bundles of the ACL have been found to originate on the posteromedial side of the lateral 

femoral condyle. According to Giuliani et al,44 these bundles are largely composed of type I 

Figure B3. The four primary ligamentous structures of the 
tibiofemoral including the anterior cruciate ligament, posterior 
cruciate ligament, medial collateral ligament, and lateral collateral 
ligament. 
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collagen fibers that receive their primary blood supply from the middle genicular artery with 

secondary supply from the inferomedial and inferolateral genicular arteries.44 The ACL also 

contains various types of mechanoreceptors including Ruffini corpuscles, Paccini corpuscles, 

Golgi organs, and free neural ends.45 These mechanoreceptors allow the ACL to function not 

only as a mechanical restraint but also as a sensory organ that has protective proprioceptive 

and reflexive properties.43 

In terms of biomechanics, when exposed to an anterior tibial load the in situ force in 

the PL bundle of the ACL is greatest in full knee extension (i.e., in this position the PL 

bundle is most taught).46 When the knee moves into a flexed position the in situ force in the 

PL bundle decreases as the in situ force in the AM bundle increases. The in situ force in the 

AM bundle of the ACL is greatest between 60 and 90 degrees of knee flexion (i.e., 

throughout this range of motion the AM bundle is most taught).46 However, it has been 

suggested that at varying angles of knee flexion the forces of the PL bundle are similar to 

those of the entire ACL.47 Given this and the fact that most ACL injuries occur when the 

knee is in an extended position, it is important to consider the stability and function of the 

both the PL and AM bundles during surgical reconstruction of the ACL following injury.43  

 

Surrounding Musculature 

 The tibiofemoral joint is comprised of two primary types of stabilizing structures, 

static (i.e., passive) stabilizers and dynamic (i.e., active) stabilizers. As described above, the 

ACL is considered to be one of the primary static stabilizers within the tibiofemoral joint and 

is responsible for limiting excessive anterior movement of the tibia. In contrast, the 

musculature surrounding the tibiofemoral joint acts to provide dynamic stabilization at the 
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joint. On the anterior aspect, the quadriceps muscle group including the rectus femoris, 

vastus medialis, vastus intermedius, and vastus lateralis attach to the tibial tuberosity via the 

quadriceps tendon, patella, and patellar tendon. During active contraction, these muscles act 

to perform knee extension resulting in anterior translation of the tibia on the femur. 

Additionally, the quadriceps muscles are innervated by the posterior motor division of the 

femoral nerve and receive their primary blood supply via the femoral artery with drainage 

into the femoral vein.48 

Conversely, on the posterior aspect of tibiofemoral joint, the hamstring muscle group 

including the biceps femoris, semimembranosus, and semitendinosus insert onto the proximal 

tibia. This muscle group acts to perform knee flexion thus resisting anterior translation of the 

tibia. In terms of innervation, the short head of the biceps femoris is innervated by the 

common peroneal nerve whereas the long head of the biceps femoris, semimembranosus, and 

semitendinosus are innervated by the tibial nerve.49 These muscles receive their primary 

blood supply from the perforating branches of the deep femoral artery and drain largely into 

the femoral vein.49  

 

Epidemiology and Risk Factors 

Sprain or rupture of the ACL is one of the most common, costly, and severe knee-

related ligamentous injuries, especially among physically active individuals and athletes.50 

The incidence of ACL injury has increased from 33 cases per 100,000 in 1994 to nearly 60 

cases per 100,000 in 2014.51 Upwards of approximately 250,000 ACL injuries are sustained 

annually, accruing more than $2 billion in annual healthcare costs.50,52,53  Furthermore, nearly 

100,000 ACL reconstructions (ACLR) are performed per year to correct this injury and allow 
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patients to return to unrestricted participation in physical activity.50,54 It is commonly 

accepted that the ACL is most vulnerable for injury when the tibia is rotated with the knee in 

an extended, valgus position. However, common mechanisms for noncontact ACL injury 

(i.e., injury that occurs when no direct contact is made with the knee) when the knee is in a 

valgus, internally or externally rotated, and extended position are rapid cutting when 

changing direction, landing, jumping, decelerating, and hyperextending the knee with a 

planted foot.55 Although isolated ACL injury frequently occurs, concomitant injury of other 

supporting structures including the menisci, MCL, LCL, PCL, or joint capsule can result in 

rotary instabilities of the knee. Common symptoms associated with ACL injury are an 

audible or perceived pop within the knee, pain surrounding the knee joint, a sensation of 

“giving out” when ambulating, swelling, and reduced knee range of motion.43  

Various intrinsic and extrinsic risk factors have been found to be associated with 

ACL injury. An intrinsic risk factor is an individualized personal, physical, or psychological 

characteristic that increases one’s vulnerability to sustaining an ACL injury.50,55 There are 

three major categories of intrinsic risk factors related to ACL injury: anatomical, hormonal, 

and neuromuscular.56 Extrinsic risk factors are environmental features that are external to the 

individual (i.e., weather, playing surface, footwear), but also contribute to ACL injury 

suseptability.57 A two-part review of the literature by Smith et al57,58 highlighted and 

summarized several of these important risk factors for ACL injury including the female sex, 

increased body mass index, decreased femoral notch size, decreased depth of medial tibial 

plateau, increased slope of the tibia plateaus, excessive anterior-posterior knee laxity, altered 

proprioception and lower extremity biomechanics, history of ACL injury, genetic 

predisposition, phase of menstrual cycle, etc.  
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Injury Intervention  

The primary goals after ACL injury are to restore the overall stability and function of 

the tibiofemoral joint, address psychological barriers associated with the return to physical 

activity, prevent subsequent knee injury, mitigate the factors influencing the onset of knee 

osteoarthritis, and improve short- and long-term quality of life.59 Three main management 

options have been proposed by Filbay and Grindem59 for the treatment of ACL injury: 1) 

conservative rehabilitation as the first-line treatment (followed by ACLR if the patient 

develops functional instability), 2) ACLR as the first line treatment followed by postsurgical 

rehabilitation, and 3) presurgical rehabilitation followed by ACLR and postsurgical 

rehabilitation. However, the decision between conservative management and surgical 

intervention following ACL injury is largely dependent on a patient’s personal characteristics 

(i.e., comorbid medical conditions) and goals for physical activity after treatment. For 

individuals hoping to return to high-level physical activity or pre-injury level of sport 

participation following an ACL injury, surgical reconstruction is considered the gold 

standard for treatment.51 Even though conservative treatment involving structured 

rehabilitation (i.e., strengthening of the surrounding musculature) has been shown to be an 

effective option for ACL management under certain circumstances,60 the risks associated 

with ACL deficiencies such as meniscal and chondral injuries as well as symptomatic knee 

instability, especially within youth populations, may exceed the suggested benefits of this 

treatment approach.51,61,62  

Many young, active individuals choose to undergo surgical reconstruction after 

sustaining an ACL injury. Reconstructive surgery requires the replacement or repair of the 
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ACL utilizing either an allograft (i.e., donor graft) or autograft. When deciding which graft 

type to utilize there are several important variables to consider including graft stability, 

muscle strength, function, return to activity status, overall patient satisfaction, associated 

complications, cost, and ultimately the physician’s preference.63 The most common types of 

allografts utilized during ACLR include the patellar tendon, achilles tendon, and tibialis 

tendon, whereas the most common autografts are the patellar tendon using the “bone-patellar 

tendon-bone” method, the hamstring tendon, and the quadriceps tendon.51,63 While there are 

noted advantages and disadvantages each graft type,51 research has demonstrated minimal 

differences between graft types in terms of functional outcomes measures (i.e., stability, 

strength, etc.), patient satisfaction, and rate of return to preinjury level of physical 

activity.63,64 

 

Traditional Post-Surgical Rehabilitation Procedures 

After sustaining an ACL injury, evidence-based rehabilitation completed before and 

or after surgical reconstruction of the ACL is crucial for a successful recovery process. 

Targeted interventions and rehabilitation exercises that are implemented prior to surgical 

intervention, also known as preoperative rehabilitation or “prehabiliation”, are often utilized 

to improve function and range of motion of the knee, decrease pain and swelling, and 

increase strength of the lower extremity before surgery. Although the type of prehabiliation 

exercises and interventions prescribed may differ based on provider preferences, a review by 

Giesche et al highlighted similarities in current research-based exercise programs including 

4-6 weeks of lower extremity open and closed chain strengthening exercises, neuromuscular 

function and control exercises, stretching, and range of motion exercises.65  



 145 

Once ACL surgery is completed, it is commonly recommended that postoperative 

rehabilitation should begin immediately and continue for approximately 9 to 12 months.66 

However, a recent descriptive epidemiological study investigating the temporal utilization of 

supervised physical therapy visits after ACLR found that on average patients only had 16.90 

± 10.60 physical therapy visits after ACLR.67 Additionally, of those that completed physical 

therapy visits after ACLR, 52% 

of their physical therapy visits 

were utilized in the first 6 weeks 

following surgery, 75% in the 

first 10 weeks following surgery, 

and 90% in the first 16 weeks 

following surgery (Figure B4).67 

This suggests that patients only 

receive approximately 10% of 

their allotted physical therapy visits between 4 and 12 months post-surgery.67 While the 

factors influencing an individual’s access to physical therapy may differ (i.e., insurance, cost, 

time, etc.), the results of this study are largely concerning given that patients often continue 

to suffer from persistent muscle weakness and undesirable biomechanical changes after they 

no longer have access to physical therapy in the later phases of rehabilitation when clearance 

for activity is often considered.67  

Rehabilitation following ACLR has shifted from relying on time-based protocols to 

criterion-based protocols that allow for individualized patient progression dictated by their 

ability to meet various clinical milestones. In a recent evidence statement, a multidisciplinary 

Figure B4. Mean number of physical therapy visits each 
week following ACLR (N = 10,411). Bars represent the 
mean number of visits per patient, and error bars 
represent the standard error of the mean. (Burroughs et 
al, 2021)  
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group of ACL experts suggested utilization of 3 criterion-based phases of post-surgical 

rehabilitation: 1) impairment-based, 2) sport-specific training, and 3) return to play.66   

Similarly, evidence-based recommendations by Filbay and Grindem59 suggest 5 rehabilitative 

phases with specific goals per phase as shown in Figure B5. Utilizing a criterion-based 

approach to rehabilitation progression 

ensures that patients do not exceed 

the functional or biological capacity 

of their surgically involved limb 

while also mitigating unnecessary 

delays in progress due to timing.59   

 According to the University 

of Virginia Sports Medicine ACL 

Reconstruction Post-Operative 

Rehabilitation Protocol, in the earliest 

phase of post-operative rehabilitation 

(0-4 weeks post-op), interventions 

and exercises should focus on 

protecting the surgical graft, 

minimizing pain and swelling, and 

increasing knee range of motion. 

While exercises may vary based on surgical factors such as graft type, strengthening 

techniques in this phase may include exercises such as ankle pumps, quadriceps sets, heel 

slides, and straight leg raises. Transitioning into the next phase of rehabilitation (4-10 weeks 

Rehabilitation Phase Main Goals 

Preoperative phase 
(prehabiliation) 

No knee joint effusion, full 
active and passive range of 
motion, 90% quadriceps 
strength symmetry 

Acute phase 

No knee joint effusion, full 
active and passive range of 
motion, straight leg raise 
without lag 

Intermediate phase 

Control of terminal knee 
extension in weight-bearing 
positions, 80% quadriceps 
strength symmetry, 80% hop 
test symmetry with adequate 
movement quality 

Late phase 

90% quadriceps strength 
symmetry, 90% hop test 
symmetry with adequate 
movement quality, 
maintain/build athletic 
confidence, progress sport-
specific skills from closed 
skills with internal focus to 
open skills with external focus 

Continued injury 
prevention phase 

Maintain muscle strength and 
dynamic knee stability, 
manage load 

Figure B5. ACL rehabilitation recommendations 
(adapted from Filbay and Grindem, 2019) 
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post-op), there should be increased focus on restoring normal gait, achieving and maintaining 

full knee range of motion, and improving proprioception and strength of the hip, quadriceps, 

hamstrings, and calf musculature. Common therapeutic activities may include closed kinetic 

chain strengthening exercises (i.e., squats, leg press, step ups, lunges, and wall sits), 

stationary biking, and balance exercises. In the next rehabilitative phase (10-16 weeks post-

op), interventions should target achieving full knee range of motion, normal running 

mechanics, and strength approximately 70% of the individuals uninvolved lower extremity. 

Mechanisms for improving strength, endurance, and proprioception of the lower extremity in 

this phase may include open kinetic chain knee extensions (90-30 degrees), eccentrically-

based exercises, advanced proprioceptive activities, and progressive strengthening exercises 

for the hips, quadriceps, hamstrings, and calves. In the following phase of rehabilitation (4-6 

months post-op), patients should display symmetric performance of non-specific and sport 

specific agility drills, complete hop tests with 85% symmetry of the uninvolved limb, and 

have 85% strength of the quadriceps and hamstrings compared to the uninvolved limb. 

Physical therapy should target need-based progression of flexibility, strengthening, and 

agility programs, the initiation of plyometric exercises, and assessment of running 

mechanics. For the latest phase of rehabilitation (6+ months post-op), clinicians should 

determine the patient’s readiness to return to physical activity or sport, prescribe maintenance 

programs for strength, endurance, and proprioception, and educate patients on any limitations 

or conditions they may face moving forward.  

 The decision to clear a patient for the return to physical activity after ACLR is based 

on three primary considerations: 1) physical readiness, 2) psychological readiness, and 3) 

biological healing (i.e., time since surgery).59 To elucidate these factors, a battery of targeted 
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assessments should be utilized to evaluate an individual’s readiness to return to activity 

following an ACLR. A scoping review of 209 studies, including over 22,000 participants, 

identified six domains for 

return to sport criteria 

following ACLR: 1) time, 2) 

strength, 3) hop testing, 4) 

clinical examination, 5) 

patient-reported outcome 

measures, and 6) 

performance-based criteria 

(Figure B6).68 Eighty-five percent of the included studies reported time as a return to sport 

criterion with 72% indicating a time frame of 6 to 9 months post-surgery for clearance. 

Although assessment techniques varied, 41% of the included studies used isokinetic or 

isometric strength as a return to sport criterion with a majority requiring a limb symmetry 

index (i.e., [Involved ACL Limb/ Uninvolved Contralateral Limb]*100]) of greater than or 

equal to 85% or 90%. Similarly, at least one hop test was reported as a return to sport 

criterion in 14% of the included studies. Achieving at least 85% limb symmetry index during 

hop testing was required for clearance in 22 of these studies. Additionally, 12% of the 209 

studies included patient-reported information such as patient reported outcome measures, 

subjective statements, or pain as return to sport criteria. However, in recent years the overall 

importance of psychological readiness in the return to sport assessment after ACLR has 

greatly increased.69 It has been recommended that individuals achieve deficits of 10% or less 

prior to returning to sport following ACLR.70,71 

Figure B6. Relative proportion of return to sport criteria 
reported per year (Burgi et al, 2019) 
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Health-Related Consequences Following ACLR 

Even with surgical and rehabilitative advancements, a systematic review of 48 studies 

including 5,570 individuals following ACLR reported that approximately 81% of those that 

suffer from an ACL injury will return to athletic activity, yet only 65% return to their 

preinjury level of sport participation.72 Furthermore, for competitive athletes, only 55% 

reported returning back to their competitive level sport after surgical reconstruction. 

Individuals may not return to sport after sustaining ACL injury for various reasons including 

limb strength asymmetries, unrealistic expectations, fear of reinjury, and poor self-reported 

knee function.73 The process of returning to physical activity and sport following ACLR can 

be affected by preoperative (e.g. rehabilitation, neuromuscular control, etc.), intraoperative 

(e.g. graft type), and postoperative (e.g. strength, neuromuscular control, psychological 

aspects, etc.) factors.74 Given the multifactorial nature of the return to sport process, 

identifying and intervening on modifiable, physical (i.e., strength, neuromuscular control) 

and psychological risk factors (i.e., psychological readiness, fear of reinjury and movement, 

and subjective appraisal of knee function) may improve this process and reduce the risk of 

subsequent injury as well as the development of knee osteoarthritis.30,75 Post-traumatic knee 

osteoarthritis is a debilitating condition suggested to affect more than 50% of those who have 

suffered from ACL injury.76 Furthermore, a review indicated an increase in the rate of knee 

osteoarthritis after ACLR from 11% at 5 years post-surgery, to 21% at 10 years post-surgery, 

and up to 52% at 20 years post-surgery.77 Similarly, the incidence rate of subsequent ACL 

injury to the reconstructed or contralateral limb has been shown to increase across time from 

6% at 2 years post-surgery, to 12% at 5 years post-surgery, to 27% at 10 years post-surgery, 
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and to 31% at 15 years post-surgery.78–81 It has been established that individuals who have 

undergone an ACLR are at a 15 times greater risk for subsequent ACL injury to either limb 

compared to individuals who have not previously suffered from an ACL injury.82  

 

Neuromuscular Limitations 

Despite the completion of traditional rehabilitation programs, persistent weakness and 

activation failure of the quadriceps are commonly reported in patients following injury to the 

tibiofemoral joint and ACL.83 Atrophy and dysfunction of the quadriceps has been 

considered a primary modifiable factor contributing to the accelerated development of knee 

osteoarthritis71,84 and altered knee biomechanics leading to an increased risk of subsequent 

ACL injury following a primary ACLR.85 As previously stated, achieving side-to-side 

quadriceps strength deficits of 10% or less has been recommended as a criterion for physical 

activity clearance after ACLR.68,70 However, a review of 37 studies by Lepley et al.71 

discovered that only 5 of the included studies met these clinical recommendations for side-to-

side quadriceps strength deficits of 10% or less at 6 months post-surgery. Additionally, 

results of these 5 studies were inconclusive due to their heterogenous methodology.71,86–90 On 

average, side-to-side quadriceps strength deficits of 23% ± 8% were reported with a range of 

3%-40% at 6-months post-ACLR.71 These strength deficits appeared to persist 12-months 

post-ACLR with only 9 of the included studies meeting the clinical recommendations for 

side-to-side quadriceps strength deficits.71 Average side-to-side quadriceps strength deficits 

of 14% ± 6% with a range of 3%-28% were found in patients 12-months post-ACLR.71 

However, it is important to note that while it is acceptable to utilize limb symmetry index to 
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quantify strength-related and functional deficits of the ACL limb, it does not account for limb 

dominance or contralateral deficits often reported after ACLR.71,91 

Unpublished data collected 

in the Exercise and Sports Injury 

Laboratory at the University of 

Virginia also demonstrate these 

concerning bilateral knee extension 

strength deficits in patients 

following ACLR (Figure B7). In a 

total sample of 1,150 patients, 

median side-to-side strength 

deficits of 37.65% and 28.03% 

were revealed during isokinetic 

knee extension tests at 90 deg/s 

occurring less than 6 months post-ACLR (n = 486) and 6 to 12 months post-ACLR (n = 664), 

respectively (Figure B7 A and B7 B). Results from isokinetic knee extension strength tests at 

180 deg/s indicated median strength deficits of 30.78% for tests occurring less than 6 months 

post-ACLR and 22.46% for tests occurring 6 to 12 months post-ACLR (Figure B7 C and B7 

D). Lastly, in terms of isometric knee extension strength at 90 degrees of knee flexion, tests 

occurring less than 6 months post-ACLR demonstrated median side-to-side strength deficits 

of 43.64% and 31.14% for tests occurring 6 to 12 months post-ACLR (Figure B7 E and B7 

F). These results further exemplify the short- and long-term prevalence of persistent 

quadriceps weakness in this patient population.  

< 6 months post-ACLR 6-12 months post-ACLR 

Figure B7. Median knee extension strength deficits.  
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Although the primary cause of persistent muscle weakness following ACLR remains 

elusive, several factors have been suggested to contribute to these lingering strength deficits 

including muscle atrophy,92–94 incomplete or insufficient rehabilitation,92 reduced motor unit 

output,95 and quadriceps activation failure.83,88 A recent clinical review highlighted numerous 

underlying mechanisms associated with muscle atrophy following traumatic joint injury such 

as neurophysiological alterations, muscle fiber-type transitions, intrinsic changes within 

muscle fibers, increased circulating factors of atrophy (i.e., MAFbx, MuRF1, and myostatin), 

increased inflammatory cytokines, and a reduction in satellite cells.93 Neurological alterations 

(i.e., denervation and changes in afferent signaling, alpha motor neuron excitability, and the 

number of neuromuscular connections) following ACL injury have been suggested to 

negatively influence a muscle’s ability to generate a contraction.93 Similarly, these alterations 

in neural activity may result in an increase in the co-expression of fiber types where slow-

twitch muscle fibers start to display characteristics commonly associated with fast-twitch 

muscle fibers.93,96 Interventions to counter these unwarranted changes, and indirectly combat 

persistent muscle weakness, include electromagnetic stimulation (i.e., transcutaneous 

electrical nerve stimulation, neuromuscular electrical stimulation, electromyographic 

feedback),97–99 eccentric exercise,100 and more recently, blood flow restriction therapy.93 

To monitor and quantify changes in neuromuscular control and motor unit activation 

of the quadriceps following ACL injury and surgical reconstruction, many studies have 

reported utilizing measures of surface electromyography (sEMG) during various functional 

assessments (i.e., jumping tasks, maximal strength tests, weight bearing exercises, etc.).101–104 

However, these more general measures of muscle activation, such as peak or mean EMG 

amplitude, provide indirect and nonspecific information regarding changes in behavior at the 
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individual motor unit level. In recent years, few studies have attempted to explain aspects of 

neural impairment associated with persistent muscle weakness following ACLR using more 

novel and complex techniques such as high-density sEMG (HDsEMG) and sEMG motor unit 

decomposition.105–107  A study investigating muscle fiber conduction velocity (MFCV) of the 

vastus lateralis and vastus medialis muscles via HDsEMG in soccer players that had 

undergone an ACLR, found lower maximal voluntary isometric forces (-20.5%; p < 0.05), 

quadriceps cross-sectional areas (-12.7%), and MFCV peaks and slopes in the ACLR limb 

compared to the contralateral limb for both the vastus lateralis (-28.5% and -10.1%, 

respectively; p < 0.001) and vastus medialis (-22.6% and -8.1%, respectively; p <0.001).107 

Authors suggest that these results may indicate potential impairments in the recruitment of 

high threshold motor units of the 

quadriceps muscles following 

ACLR.107 In another study, 

Nuccio et al105 found similar 

results when examining motor unit 

discharge patterns in the vastus 

lateralis and vastus medialis 

muscles in patients post-ACLR vs. 

controls (Figure B8). Using motor 

unit decomposition, this study also 

identified reduced motor unit 

discharge rates (21%; p <0.05) 

and lower absolute motor unit 

Figure B8. Relationship between changes in motor unit 
activity and knee extension strength following ACLR. 
(Nuccio et al, 2021)  
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recruitment (22%; p <0.05) and derecruitment (22.5%; p <0.05) thresholds for the quadriceps 

muscles of the reconstructed limb vs. the contralateral limb for individuals in the ACLR 

group.105  A longitudinal study by Schilaty et al106  also investigated the motor unit 

characteristics of the thigh musculature using EMG signal decomposition in patients after 

ACL injury, post-ACLR, and throughout rehabilitation up to 12-months post-surgery 

compared to healthy controls. Results of this study demonstrated smaller motor unit action 

potential peak-to-peak amplitudes (considered an indirect measure of motor unit size), lower 

quadriceps motor unit coding rates, and higher hamstring motor unit coding rates for 

participants in the ACL group compared to those in the healthy control group.106 Due to a 

dearth of research investigating motor unit behavior of the quadriceps in patients post-ACLR, 

evidence to corroborate the findings of these select studies is limited. Nevertheless, the 

findings of each of these studies can be attributed to the decreased neural drive of the 

quadriceps muscles in patients post-ACLR despite completion of post-surgical rehabilitation, 

further suggesting the need for targeted intervention programs to overcome these persistent 

strength deficits.  

 

Psychological Limitations 

 Although assessments regarding an individual’s physical abilities (i.e., strength and 

functional performance) often dominate the return to sport evaluation, psychological 

characteristics are critical factors to consider when examining an individual’s response to 

injury and readiness for the return to activity after ACL injury and surgical reconstruction. In 

a systematic review of 28 studies evaluating the available evidence regarding the 

psychological factors related to return to play after ACLR, there was only a 63.4% (n = 
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1,380/2175) rate of return to play in patients post-ACLR and 36.6% of those that did return 

to play could not perform at their pre-injury level of participation.108 For patients that did not 

return to play (n = 795/2175), 64.7% (n = 514/795) reported a psychological reason for their 

lack of return to play including fear of reinjury (n = 394; 76.7%), lack of confidence in their 

reconstructed knee (n = 76; 14.8%), depression (n = 29; 5.6%), and lack of interest or 

motivation (n = 13; 2.5%).108 An online survey of 304 patients that were one to 20 years 

post-ACLR, also found fear of re-injury to be the highest rating barrier for adherence to 

rehabilitation in patients post-ACLR.109  

Common outcome measures used to assess these patient-reported variables include 

the International Knee Documentation Committee (IKDC) Subjective Knee Evaluation Form, 

Knee Osteoarthritis and Outcome Score (KOOS), Anterior Cruciate Ligament Return to 

Sport Index, and the Tampa Scale of Kinesiophobia (TSK). Changes in subjectively reported 

symptoms, function, and sports activity after ACLR can be assessed using the IKDC 

Subjective Knee Form.110 This 18 item questionnaire includes three primary domains: 1) 

symptoms (i.e., pain, stiffness, swelling, locking/catching, and giving way), 2) sports and 

daily activities, and 3) current knee function and knee function prior to injury.110  Individual 

items are scored using an ordinal method with a possible total score range of 0-100, where a 

total score of 0 indicates high symptoms and low function and a total score of 100 indicates 

no symptoms and no limitations with daily or sporting activities.111 The IKDC Subjective 

Knee Form has been shown to be both reliable and valid in patients post-ACLR.111 The 

KOOS is often utilized to evaluate a patients’ perception regarding their knee as well as any 

short-term and long-term knee-related problems.111,112  This questionnaire includes 42 items 

across 5 subscales of pain, symptoms, activities of daily living, sport and recreation function, 
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and knee-related quality of life.112 Each item is scored from 0-4 and each subscale is then 

separately scored from 0-100 based on the sum of its corresponding items, where 0 indicates 

extreme knee-related problems and 100 indicates no knee-related problems. This scale has 

demonstrated good validity and reliability in an ACLR population.111,112 Emotions, 

confidence in performance, and risk appraisal associated with the return to sport after ACLR 

can be measured using the ACL-RSI. This tri-component questionnaire is comprised of 12 

items with scores ranging from 1-10. Total scores in the form of percentages are calculated 

by adding the values of each individual item and calculating their relationship to 100. This 

scale has been shown to have acceptable reliability and validity.113 Fear of pain, reinjury, and 

movement (i.e., kinesiophobia) can be quantified using the TSK.114 Individual scores on the 

TSK range from 1-4 and total scores range from 17-68 with higher scores suggesting 

increased degrees of kinesiophobia.114,115  Patients are considered to suffer from 

kinesiophobia if their total score is greater than 37.116 However, the overall reliability and 

validity of the TSK in an ACLR population is still under investigation.  

 Given their significant contribution to the return to sport process, the relationship 

between quadriceps strength and patient reported outcome measures has started to be 

explored. It has been reported that individuals with IKDC scores greater than or equal to 90 

are 3 times more likely to present with a limb symmetry index for quadriceps strength of 

90% or greater.117 However, quadriceps strength normalized to body mass has been 

suggested to be a stronger predictor of self-reported knee function when compared to limb 

symmetry index in an ACLR population.118,119 A threshold of 3.0 Nm/kg was identified as a 

strong indicator of good patient reported outcomes post-ACLR.119 However, this relationship 

may be dependent on an individual’s time since surgery with patients under 2 years post-



 157 

ACLR demonstrating stronger relationships between measures of subjective function and 

normalized measures of muscle function than patients over 5 years post-ACLR.120 

Additionally, a study by Lepley et al121 found significant associations between decreased 

quadriceps strength and lower self-reported knee function, psychological readiness to return 

to sport, and emotional response to injury in patients returning to unrestricted physical 

activity after ACLR. Similarly, significant associations between greater quadriceps strength 

symmetry and increased psychological readiness have been reported in female athletes that 

have sustained a noncontact ACL injury.122 Self-reported fear has also been found to be 

associated with decreased quadriceps strength, where patients with greater fear were 6 times 

more likely to have quadriceps strength symmetry less than 90%, 4 times more likely to 

report lower levels of physical activity, and 7 times more likely to have a limb symmetry 

index of less than 95% for hopping.123 Additionally, a study by Markström et al124 indicated 

that individuals who report higher levels of fear also adopt altered, protective muscle 

activation patterns when compared to individuals that report lower levels of fear.  

 

Section III: Blood Flow Restriction Therapy – Proposed Mechanisms and Benefits 

Blood Flow Restriction Therapy  

Blood flow restriction therapy (BFRT) may offer clinicians and researchers an 

alternative approach to traditional high intensity exercise for eliciting various neuromuscular 

improvements such as increased strength and hypertrophy. The development of BFRT dates 

back to 1966 when Dr. Yoshiaki Sato coined the term “KAATSU training”, meaning 

additional pressure, to characterize this novel technique.125 This training protocol, more 

modernly known as BFRT, occlusion training, or ischemic training, involves the utilization 
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of a device such as a band, strap, or pneumatic cuff to apply an external circumferential 

pressure to a proximal extremity. This restrictive device acts to constrain the vascular 

passages to and from the distal musculature resulting in the complete occlusion of venous 

outflow and partial occlusion of arterial inflow, typically while performing low intensity (20-

40% 1-repetition maximum) exercise.126 Despite exercises being performed at submaximal 

levels, research has demonstrated similar muscular improvements when comparing outcomes 

associated with low-load BFRT exercise (LL-BFRT) to those achieved with traditional high 

load (HL) resistance exercise (>70% 1RM).127,128 Similarly, when compared to standard low-

load (LL) exercise, LL-BFRT demonstrates greater increases in muscle strength.129 By 

altering load intensity, BFRT minimizes the amount of stress on targeted joints and 

surrounding tissues while still promoting increases in strength compared to HL exercise.130 

Therefore, this complementary approach to rehabilitation and strength training may be a 

viable option for healthy individuals,127,131,132 older populations,133 and load restricted 

patients (i.e., following severe sport-related injuries or surgical intervention).129    

As previously stated, BFRT is performed by applying a pneumatic tourniquet cuff to 

the most proximal region of the upper or lower extremity of interest. It is recommended that 

the cuff is then inflated to an individualized pressure between 40% and 80% of an 

individual’s limb occlusion pressure (LOP) based on patient tolerance.134 LOP is the 

minimum amount of pressure required to completely occlude arterial blood flow distal to the 

applied cuff.135 Historically, the most common method for obtaining LOP is Doppler 

ultrasound.136 Unfortunately, this method of LOP measurement is neither cost nor time 

efficient and has varying accuracy depending on the experience of the clinician recording the 

measurement.135 Modern surgical-grade (third-generation) tourniquet systems have allowed 
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for automatic determination of personalized tourniquet pressures (PTP, i.e., an individualized 

amount of pressure determined by taking a percentage of an individual’s total LOP).135 These 

surgical-grade systems, such as the Delfi PTSII system (Delfi Medical Vancouver, BC), have 

been shown to be safe, accurate, and reliable measures of LOP and PTP.137 Regulation of 

PTP throughout the exercise prescription helps to mitigate the occurrence of adverse events 

following BFRT such as nerve and ischemic injury, and allows for standardization across 

BFRT protocols.137,138 Although there is significant variation in exercise prescription 

protocols available for BFRT, recommendations for increasing muscle strength and 

hypertrophy using this technique include training frequency, load, restriction time, sets and 

repetitions, cuff size, PTP of LOP, rest periods, and execution speed.134 However, the model 

for exercise prescription depends on the type of exercises being performed with BFRT such 

as resistance (BFRT-RE), aerobic (BFRT-AE), or no exercises/passive (P-BFRT) (Figure 

B9).134  

 

Proposed Mechanisms 

Guideline Recommendation 
BFRT-RE BFRT-AE P-BFRT 

Frequency 2-3 times per week  
(>3 weeks)  

 
1-2 times per day  
(1-3 weeks) 

2-3 times per week  
(>3 weeks)  

 
1-2 times per day  
(1-3 weeks) 

1-2 times per day 

Load 20-40% 1RM <50% VO2 max or HRR  
Total 
restriction time 

5-10 minutes per exercise 5-20 minutes 5 minutes 

Sets 2-4  3-5 
Repetitions 30x15x15x15  

(Or sets to failure) 
  

Interset rest 30-60 seconds  
(Cuff remains inflated) 

 3-5 minutes 

LOP 40-80% 40-80% Uncertain; 70-100% 
Execution 
speed  

1-2s   

Figure B9. Recommendation protocols for BFRT by exercise type (adapted from Patterson et al., 2019) 
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Current research has shown that LL-BFRT has the potential to increase muscle 

strength, hypertrophy, and activation when high-load exercise may be contraindicated.139–143 

Unfortunately, the proposed mechanisms of BFRT have yet to be substantially supported. 

There has been speculation that BFRT works to enhance muscle function by three primary 

mechanisms: 1) intracellular swelling, 2) decreased oxygen availability, and 3) increased 

metabolite accumulation.144–147 During prolonged occlusion due to tourniquet cuff 

application, it has been suggested that increased pooling of fluid distal to the cuff alters 

hydrostatic and osmotic pressure gradients thus driving fluid into and around muscles fibers 

(Figure B10).147  This shift in 

pressure is suspected to inhibit 

protein catabolism while 

promoting protein synthesis.147,148 

Additionally, maintained vascular 

occlusion during BFRT drastically 

reduces oxygen availability to the 

working muscle.144,149 The resulting hypoxic environment has been speculated to induce 

muscle fatigue, promote anabolic hormone signaling, and increase the production of reactive 

oxygen species.144–147 When performing exercise under these ischemic conditions there is a 

suggested increase in metabolic stress due to metabolite accumulation (i.e., lactate, hydrogen 

ions, inorganic phosphate).36,145,150 These factors, as well as a lowered intramuscular pH, may 

further stimulate group III and group IV afferent fibers leading to earlier neuromuscular 

Figure B10. Influence of fluid pressure shifts during 
BFRT (Jessee et al, 2018) 
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fatigue of low threshold motor units and Type I muscle fibers (i.e., slow-twitch oxidative) 

(Figure B11).144–147 This 

fatigued, hypoxic state 

and increased presence of 

metabolic byproducts has 

been suggested to 

promote the early 

recruitment of high 

threshold motor units and 

Type IIA and Type IIX muscle fibers during exercise in order to maintain the desired force 

output (Figure B12).139,144 This altered recruitment can lead to increases in muscle strength 

and hypertrophy, despite exercises 

being completed under low 

mechanical tension, by activating 

more motor units and stimulating an 

increased number of muscle fibers 

causing a more widespread 

hypertrophic stimulus within the 

muscle.129,144  

Changes in motor unit recruitment during BFRT have been primarily quantified using 

indirect measurement methods of sEMG (i.e., root mean squared (RMS), integrated EMG 

(iEMG), peak of the EMG signal (EMGpeak), EMG amplitude, and average EMG).151–154  

However, findings related to myoelectric activity during LL-BFRT compared to LL and HL 

Figure B12. Suggested scheme of the successive and 
cumulative activation of type I, IIA, IIAX and IIX 
muscle fibers in LL-BFRT with increasing fatigue and 
duration. (Wernbom and Aagaard, 2020) 

Figure B11. Increased metabolite accumulation and muscular fatigue 
as a result of prolonged vascular occlusion during BFRT. (Jessee et 
al, 2018)  
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exercise without BFRT are mixed and likely due to methodological heterogeneity.151,152,154 A 

systematic review and meta-analysis by Centner and Lauber151 identified significant 

increases in muscle excitation during LL-BFRT compared to LL exercise without BFRT. 

However, these differences appear to be dependent on whether or not exercise is performed 

to volitional fatigue, where greater short-term increases in muscle excitability during LL-

BFRT compared to LL exercise are observed only during non-fatiguing protocols.154 No 

significant differences in muscle excitation were identified between LL-BFRT and LL 

exercise when exercise was performed to volitional failure.154 Conversely, greater increases 

in muscle excitability have been observed during HL exercise compared with LL-BFRT 

during non-fatiguing and fatiguing protocols.154  

However, the interpretation of the aforementioned results should be considered with 

caution as changes in sEMG cannot be directly associated with changes in motor unit 

behavior (i.e., recruitment, firing rates, etc.).150 Factors such as muscle fiber potential, motor 

unit synchronization, and fatigue can all influence general measures of sEMG.150,151 Given 

recent technological advancements, Fatela et al139 utilized a noninvasive, high-density EMG 

sensor and decomposition algorithms to measure and characterize changes in individual 

motor unit behavior including motor unit recruitment thresholds, firing rates, and action 

potential amplitudes of the vastus lateralis before and after LL exercise with and without 

BFRT. Results of this study indicate greater decrements in the linear slope co-efficient of the 

regression line between motor unit recruitment threshold and firing rate as well as a shift 

towards higher firing rates and motor unit action potential amplitudes following LL-BFRT 

compared to LL exercise.139 It has been suggested that these results demonstrate the early 
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recruitment of  high threshold, low firing rate motor units as a result of LL-BFRT compared 

to LL exercise.139,151  

 

Potential Benefits of BFRT During ACLR Rehabilitation 

 Although research has demonstrated positive findings associated with BFRT, few 

studies have examined the effects of BFRT on muscle function in patients that have sustained 

an ACL injury.155–161  BFRT has been recently investigated as a prehabilitative162–164 and 

rehabilitative165–173 treatment technique for improving muscle strength deficits and atrophy 

after ACLR. However, the methodology and results of these studies are inconsistent 

regarding the overall benefits of LL-BFRT compared to high load exercise and control 

interventions in patients post-ACL injury.  

 Prehabilitatively, a study investigating the effects of 5 preoperative LL-BFRT 

sessions during the last 10 days before ACL surgery found no significant differences in 

postoperative rectus femoris muscle mass, isometric strength, or knee function compared to a 

sham preoperative LL-BFRT condition.162 An additional study by Žargi et al163 also 

examined the effects of 5 preoperative LL-BFRT sessions compared to a sham LL-BFRT 

condition, however these sessions occurred during the last 8 days prior to ACL surgery. 

Results indicated a positive effect of preoperative LL-BFRT on postoperative muscle 

endurance, activation, and perfusion of the quadriceps in patients following ACLR compared 

to a sham LL-BFRT condition.163 However, this study also demonstrated significant 

deterioration of quadriceps muscle strength following ACLR in patients treated with 

preoperative LL-BFRT and those treated with sham LL-BFRT.163 A more recent study by 

Kacin et al164 examined the benefits of 9 preoperative LL-BFRT sessions on muscle size and 
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function of the quadriceps and hamstrings compared to a sham BFRT condition. 

Improvements in muscle cross-sectional area, isokinetic strength, and fatigue index of the 

knee extensors were significantly greater for patients treated with LL-BFRT compared sham 

BFRT.164 Although improvements were noted, the effects of LL-BFRT on muscle strength 

and size of the hamstrings were much less pronounced.164 Researchers have also investigated 

the efficacy of home-based prehabilitative BFRT compared to standard at-home 

prehabiliation in patients undergoing ACLR.174 The results of this study demonstrated 

significant improvements in quadriceps peak force measurements for patients treated with 

and without BFRT.174 However, when comparing quadriceps size, strength, and patient 

reported outcomes, no significant between group differences were found.174 Collectively, the 

results of these studies suggest the need for additional research to determine the potential 

value of prehabilitative LL-BFRT for improving postoperative muscle strength and function 

in patients undergoing ACLR.  

Several systematic reviews have also examined the available evidence on the use of 

postoperative BFRT for improving muscle strength and function in patients that have 

undergone ACL surgery.155–158,160,161 One of the first studies to investigate the application of 

vascular occlusion for attenuating disuse atrophy of the knee extensor muscles in patients 

following ACLR included a sample of 16 individuals were allocated into either a control 

group or an experimental vascular occlusion group.1 Individuals in the experimental group 

underwent 10 consecutive days of vascular occlusion between day 3 and day 13 post-surgery 

involving two sessions of occlusive stimulus per day consisting of 5 repetitions of vascular 

occlusion for 5 minutes each and 3 minutes of rest between each occlusive repetition.165 The 

cross-sectional area of the knee extensors decreased to a significantly lesser extent in the 
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experimental group compared to the control group (9.4% ± 1.6% vs. 20.7% ± 2.2%, 

respectively).165 However, in a study utilizing a similar design and methodology, no 

significant reductions in quadriceps cross-sectional area atrophy were reported for 

individuals treated with or without vascular occlusion.167 A study by Ohta et al166 examined 

the effects of LL-BFRT vs. standard low-load training on the size and strength of the 

quadriceps during the first 16 weeks post-ACLR. Compared to preoperative measurements, 

results of this study indicate significantly greater improvements in quadriceps cross-sectional 

area and less strength deficits for isokinetic knee extension at 60 deg/s, isokinetic knee 

extension at 180 deg/s, and isometric knee extension at 60 deg of knee flexion for those in 

the LL-BFRT group compared to the standard low-load training group.166 When comparing 

LL-BFRT to HL resistance training, Hughes et al170 found comparable increases in scaled 10 

repetition maximum strength of the injured and uninjured limb following 16 sessions (2 

sessions/week for 8 weeks) of unilateral leg press training. There were also significant 

increases in muscle thickness, pennation angle, and peak torque for knee extension and 

flexion at 60 deg/s, 150 deg/s, and 300 deg/s following both conditions with no group 

differences.170 In contrast, Curran et al172 investigated the efficacy of 16 sessions (2 

sessions/week for 8 weeks) of high-load BFRT (HL-BFRT) for improving quadriceps muscle 

function in patients 10 weeks post-ACLR. The results of this study found no significant 

between group differences in quadriceps muscle strength, activation, or volume between HL-

BFRT and traditional HL resistance training.172  

While the aforementioned studies reported implementing BFRT between immediate 

post-surgery to 18 weeks post-surgery, one study did examine the effectiveness of a home-

based BFRT program to improve quadriceps strength and size in patients 2 or more years 
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post-ACLR with lingering muscle deficits.171 Participants completed 25 minutes of exercise 

under BFRT 5 times per week for 4 weeks.171 Compared to baseline, muscle thickness of the 

rectus femoris and vastus lateralis as well as knee extensor strength symmetry increased by 

11% ± 5%, 10% ± 6%, and 20% ± 14% (all p < 0.01).171 Knee extensor strength symmetry 

increased from 88% ± 4% to 99% ± 5% from baseline to post-intervention which did not 

differ from uninjured controls.171 The results of this study suggest BFRT may be a beneficial 

treatment option for improving long-term muscle strength deficits in patients post-ACLR.   

Unfortunately, there is no true “standard of care” treatment for individuals failing to 

respond to traditional rehabilitation following knee surgery including ACLR. A study by 

Noyes et al173 did investigate the effects of BFRT on quadriceps and hamstring deficits in 

patients failing to respond to rehabilitation after knee surgery. Results indicated that a 

majority of patients had significant improvements in both quadriceps and hamstring strength 

deficits of at least 10% following 9 sessions of BFRT and 20% following 18 sessions of 

BFRT.173 However, this study did report small effect sizes and had a very diverse patient 

population including time since surgery, type of surgery, and degree of muscle strength 

deficits.173 Therefore, it is still largely unknown how BFRT may affect muscle strength in 

patients with persistent muscle weakness following ACLR and the conclusion of traditional 

rehabilitation protocols. 

Recent studies have secondarily examined the effects of BFRT on commonly used 

patient reported outcomes measures in individuals following knee surgery.157 Tennent et al175 

explored both physical and subjective outcome measures following 12 sessions of supervised 

physical therapy with and without BFRT after knee arthroscopy. The results of this study 

found significant improvements for all subscales of the KOOS as well as the physical 
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component of the Veterans RAND 12-Item Health Survey (VR-12) in both the BFRT group 

and conventional therapy group.175 However, significant improvements in the mental 

component of the VR-12 were only identified in the BFRT group.175 Similarly, Hughes et al 

also found significantly greater increases in IDKC, Lower Extremity Function Scale (LEFS), 

Lysholm Knee-Scoring Scale (LKSS), and KOOS subscale scores following 8 weeks of 

BFRT compared to HL resistance training.170 Conversely, Curran et al172 did not find 

significant differences in IKDC change scores from preintervention to postintervention, and 

no group differences were found from preoperative to postintervention or preoperative to 

return to activity between HL-BFRT and traditional HL resistance training. Other studies 

have reported changes in more general subjective measures like rating of perceived exertion 

(RPE), pain, exercise effectiveness, and patient satisfaction which all may be influenced by 

augmented exercise induced muscle fatigue during BFRT. Two studies reported no 

significant differences in RPE between BFRT and HL resistance training in patients post-

ACLR.168,169 However, when compared to uninjured individuals, patients post-ACLR 

reported higher RPE during BFRT.168 Patients have also reported lower levels of knee pain 

during and following BFRT compared to HL resistance training.168,169 In contrast, muscle 

pain has been found to be significantly higher during exercise with BFRT compared to HL 

resistance training.169 Noyes et al173 found that 63% of individuals treated with BFRT after 

failing to respond to traditional post-surgical rehabilitation reported experiencing 

significantly better results than their previous rehabilitation program and had a mean patient 

satisfaction score of 8.9 out of 10. So, although BFRT may be effective for improving 

subjectively reported limitations, the overall psychological impact of BFRT in patients with 

lingering muscle weakness has not yet been fully investigated. All in all, gaining a better 
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understanding of the physiological and psychological responses to BFRT is critical for 

evaluating its various potential benefits in an ACLR population. 
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APPENDIX C: ADDITIONAL METHODS 
 

Table C1. Summary of Protocol Procedures  
i. University of Virginia Institutional Review Board Documentation (i.e., 

Protocol, Application, Consent, Data Security Plan, Recruitment) 
a. Manuscript I  

i. Protocol 
ii. Application 

iii. Consent 
iv. Data Security Plan 
v. Recruitment 

b. Manuscript II/III 
i. Protocol 

ii. Application 
iii. Consent 
iv. Data Security Plan 
v. Recruitment 

ii. Questionnaires and Patient Reported Outcome Measures 
a. Modified Tegner Activity Scale 
b. Tegner Activity Scale 
c. Godin Leisure-Time Exercise Questionnaire 
d. International Physical Activity Questionnaire (IPAQ) Short Form  
e. Rating of Perceived Exertion 
f. International Knee Documentation Committee (IKDC) Subjective 

Knee Evaluation Form 
g. Knee Injury and Osteoarthritis Outcome Score (KOOS) 
h. Tampa Scale for Kinesiophobia 
i. Anterior Cruciate Ligament – Return to Sport Index 
j. Exercise Adherence Rating Scale (EARS) 
k. Global Rating of Change Scale 

iii. Laboratory Measures 
a. Ultrasound Imaging 
b. Electromyographic Signaling (Trigno Galileo Sensor)  
c. Isokinetic and Isometric Torque 

iv. Blood Flow Restriction Therapy Program Procedures 
a. Delfi Personalized Tourniquet System Setup 
b. Exercise Protocol 
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Table C2. University of Virginia Institutional Review Board Documentation  
 
Table C2a. Manuscript I 

i. Protocol 
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ii. Application 
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iii. Consent 
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iv. Data Security Plan 
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v. Recruitment 
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Table C2b. Manuscript II/III 
i. Protocol 
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ii. Application 

 

 



 195 

 

 



 196 

 

 



 197 

 

 



 198 

 

 



 199 

 



 200 

 

 



 201 

 

 



 202 
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iii. Consent 
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iv. Data Security Plan 
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v. Recruitment 

  

We're recruiting
research participants between

15-64 years of age!

HAVE YOU
HAD ACL

SURGERY?

For more information,
please contact:

Stephanie Stephens
 

 sls4fe@virginia.edu
 434-924-6184

HSR210507
Dr. Susan Saliba

Study Requirements:

The purpose of this study is to
investigate the effects of blood
flow restriction therapy (BFRT)
on muscle strength in patients

post-ACLR.

Strength testing
Questionnaires

BFRT group vs. Control group

2 sessions of BFRT per week for
4 weeks (1 hour each)

 1) Baseline assessment (1-1.5 hour)

 2) Random group assignment

 3) BFRT program 

  
4) Weekly online physical activity     
 questionnaires (5 min each)

5) Follow-up assessments (30-45 min)
1. One week post-intervention
2. One month post-intervention

UVA Study Tracking #:
Principal Investigator:

(*BFRT Group Only*)

Study Location: Exercise and Sport Injury Lab
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Table C3. Questionnaire and Patient Reported Outcome Measures 
 
Table C3a. Modified Tegner Activity Scale 

 

  

Modified Tegner Activity Level Scale 
 
Please indicate in the space below the HIGHEST level of activity that you CURRENTLY participate in.  
 
CURRENT: Level _______ 
 

Level 10 Competitive sports – soccer, football, rugby (national elite) 
Level 9 Competitive sports - soccer, football, rugby (lower divisions), ice hockey, wrestling, 

gymnastics, basketball, etc. 
Level 8 Competitive sports- racquetball, squash or badminton, track and field athletics 

(jumping, etc.), downhill skiing, etc. 
Level 7 Competitive sports- tennis, running, motorcars speedway, handball Recreational 

sports- soccer, football, rugby, bandy, ice hockey, basketball, squash, racquetball, 
running, MTB, dancing, etc. 

Level 6 Recreational sports- tennis and badminton, handball, racquetball, down-hill skiing, 
jogging at least 5 times per week 

Level 5 Work- heavy labor (construction, etc.)  
Competitive sports- cycling, cross-country skiing  
Recreational sports- jogging on uneven ground at least twice weekly 

Level 4 Work- moderately heavy labor (e.g., truck driving, etc.) 
Level 3 Work- light labor (nursing, etc.)  
Level 2 Work- light labor  

Walking on uneven ground possible, but impossible to backpack or hike 
Level 1 Work- sedentary (secretarial, etc.) 
Level 0 Sick leave or disability pension because of lower extremity problems 
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Table C3b. Tegner Activity Scale  
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Table C3c. Godin Leisure-Time Exercise Questionnaire 

 

  

Subject ID#___________________ 

Godin Leisure-Time Exercise Questionnaire 
 

1. During a typical 7-Day period (a week), how many times on the average do you do the following 
kinds of exercise for more than 15 minutes during your free time (write on each line the 
appropriate number). 

 
Times Per 
Week 

a) STRENUOUS EXERCISE  
(HEART BEATS RAPIDLY)      __________ 
(e.g., running, jogging, hockey, football, soccer, 
squash, basketball, cross country skiing, judo, 
roller skating, vigorous swimming, 
vigorous long-distance bicycling) 

 
b) MODERATE EXERCISE 

(NOT EXHAUSTING)       __________ 
(e.g., fast walking, baseball, tennis, easy bicycling, 
volleyball, badminton, easy swimming, alpine skiing, 
popular and folk dancing) 

 
c) MILD EXERCISE 

(MINIMAL EFFORT)       __________ 
(e.g., yoga, archery, fishing from riverbank, bowling,  
horseshoes, golf, snow-mobiling, easy walking) 

 
 

2. During a typical 7-Day period (a week), in your leisure time, how often do you engage in any 
regular activity long enough to work up a sweat (heart beats rapidly)? 

 
OFTEN    SOMETIMES    NEVER/RARELY 

 
 
 

 
* Weekly leisure activity score = (9 ´ Strenuous) + (5 ´ Moderate) + (3 ´ Light) 
* Active = ³ 24, Moderately Active = 23 to 14, Insufficiently Active = < 14 

 
 
Version Date 2-18-21 
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Table C3d. International Physical Activity Questionnaire (IPAQ) Short Form  
 

INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE 
 
We are interested in finding out about the kinds of physical activities that people do 
as part of their everyday lives.  The questions will ask you about the time you spent 
being physically active in the last 7 days.  Please answer each question even if you 
do not consider yourself to be an active person.  Please think about the activities you 
do at work, as part of your house and yard work, to get from place to place, and in 
your spare time for recreation, exercise or sport. 
 
Think about all the vigorous activities that you did in the last 7 days.  Vigorous 
physical activities refer to activities that take hard physical effort and make you 
breathe much harder than normal.  Think only about those physical activities that 
you did for at least 10 minutes at a time. 
 
1. During the last 7 days, on how many days did you do vigorous physical 

activities like heavy lifting, digging, aerobics, or fast bicycling?  
 

_____ days per week  
 

   No vigorous physical activities  Skip to question 3 
 
 
2. How much time did you usually spend doing vigorous physical activities on 

one of those days? 
 

_____ hours per day  

_____ minutes per day  

 
  Don’t know/Not sure  

 
 
Think about all the moderate activities that you did in the last 7 days.  Moderate 
activities refer to activities that take moderate physical effort and make you breathe 
somewhat harder than normal.  Think only about those physical activities that you 
did for at least 10 minutes at a time. 
 
 
3. During the last 7 days, on how many days did you do moderate physical 

activities like carrying light loads, bicycling at a regular pace, or doubles 
tennis?  Do not include walking. 

 
_____ days per week 
 

   No moderate physical activities  Skip to question 5 



 215 

4. How much time did you usually spend doing moderate physical activities on 
one of those days? 

 
_____ hours per day 

_____ minutes per day 

 
  Don’t know/Not sure  

 
 

Think about the time you spent walking in the last 7 days.  This includes at work 
and at home, walking to travel from place to place, and any other walking that you 
have done solely for recreation, sport, exercise, or leisure. 
 
5. During the last 7 days, on how many days did you walk for at least 10 

minutes at a time?   
 

_____ days per week 
  

   No walking     Skip to question 7 
 
 
6. How much time did you usually spend walking on one of those days? 
 

_____ hours per day 

_____ minutes per day  

 
  Don’t know/Not sure  
 

 
The last question is about the time you spent sitting on weekdays during the last 7 
days.  Include time spent at work, at home, while doing course work and during 
leisure time.  This may include time spent sitting at a desk, visiting friends, reading, 
or sitting or lying down to watch television. 
 

7. During the last 7 days, how much time did you spend sitting on a week 
day? 

 
_____ hours per day  

_____ minutes per day  

 
  Don’t know/Not sure  
 
 

This is the end of the questionnaire, thank you for participating. 
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Table C3e. Rating of Perceived Exertion (RPE) 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Post- Blood flow Restriction Exercise RPE: ____________ 
 
Post Low Resistance Exercise RPE:  

0 No Effort 
1 Extremely Easy 

  
2  
3 Easy 
4  
5 Somewhat Hard 
6  
7 Hard 
8  
9 Very Hard 
10 Maximal Effort 
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Table C3f. International Knee Documentation Committee (IKDC) Subjective Knee 
Evaluation Form 

 

2000 IKDC SUBJECTIVE KNEE EVALUATION FORM

SYMPTOMS*:

*Grade symptoms at the highest activity level at which you think you could function without significant 
symptoms, even if you are not actually performing activities at this level.

1.What is the highest level of activity that you can perform without significant knee pain?

2.During the past 4 weeks, or since your injury, how often have you had pain?

3.If you have pain, how severe is it?

4.During the past 4 weeks, or since your injury, how stiff or swollen was your knee?

5.What is the highest level of activity you can perform without significant swelling in your knee?

6.During the past 4 weeks, or since your injury, did your knee lock or catch?

First

Date:Name: 

Last

Physician: Date of Injury:

 Very strenuous activities like jumping or pivoting as in basketball or soccer
 Strenuous activities like heavy physical work, skiing or tennis
 Moderate activities like moderate physical work, running or jogging
 Light activities like walking, housework or yard work
 Unable to perform any of the above activities due to knee pain

0 1 2 3 4 5 6 7 8 9 10

 Not at all
 Mildly
 Moderately
 Very
 Extremely

 Very strenuous activities like jumping or pivoting as in basketball or soccer
 Strenuous activities like heavy physical work, skiing or tennis
 Moderate activities like moderate physical work, running or jogging
 Light activities like walking, housework or yard work
 Unable to perform any of the above activities due to knee swelling

Yes  No

 Very strenuous activities like jumping or pivoting as in basketball or soccer
 Strenuous activities like heavy physical work, skiing or tennis
 Moderate activities like moderate physical work, running or jogging
 Light activities like walking, housework or yard work
 Unable to perform any of the above activities due to giving way of the knee

Never Constant

No pain  Worst pain 
imaginable

0 1 2 3 4 5 6 7 8 9 10

7.What is the highest level of activity you can perform without significant giving way in your knee?
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Table C3g. Knee Injury and Osteoarthritis Outcome Score (KOOS) 

 



 220 

 



 221 

 



 222 

 



 223 

 



 224 
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Table C3h. Tampa Scale for Kinesiophobia (TSK) 
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Table C3i. Anterior Cruciate Ligament – Return to Sport Index (ACL-RSI) 
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Table C3j. Exercise Adherence Rating Scale (EARS) 
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Table C3k. Global Rating of Change Scale 
 
Global Rating of Change  
 
With respect to your ACL injury, please rate the overall condition of your injured limb from 
the time that you began this study until now. (Select one)  
 
(+7) A very great deal better       (-7) A very great deal 
worse 
(+6) A great deal better       (-6) A great deal worse 
(+5) Quite a bit better       (-5) Quite a bit worse 
(+4) Moderately better  About the same  (-4) Moderately worse 
(+3) Somewhat better    (0)   (-3) Somewhat worse 
(+2) A little bit better        (-2) A little bit worse 
(+1) A tiny bit better        (-1) A tiny bit worse 
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Table C4. Laboratory Measures 
 
Table C4a. Ultrasound Imaging 

1. Ultrasound System Setup 
a. On Siemens Acuson Freestyle ultrasound unit monitor, press the power button 

on the left side of the lower panel. 
b. Once blank scanning screen appears (after startup of system), remove the 8-

3MHz linear transducer from the holding area on the back of the monitor. 
c. Insert a battery pack into the back of the linear transducer and power on with 

two fingers pressed simultaneously on the + and – buttons on the transducer. 
An auditory chiming sound will ring as the transducer powers on. 

d. Check that Bluetooth is operating with a battery indicator on the lower right of 
the screen with a “P” for probe. 

 
 

2. New Participant File Setup 
a. Press “Setup” tab on bottom of screen.  

 
b. Press “New Patient Study” on the setup menu.  
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c. Under the last name, type “Subject#” and press save. 

 
d. Select the “Scan” button and the unit is ready for ultrasound image collection.  

 
e. Select the “Depth” button and increase depth to 5-6cm. 
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f. Ensure that the correctly named file appears in the top left-hand corner of the 

screen prior to saving the first image. 
 

3. Vastus Lateralis Reference Location 
a. Place patient in a supine position on a treatment table.  
b. Measure the distance from the greater trochanter of the femur to the superior-

lateral pole of the patella, and mark the distal 1/3 of this distance as the 
reference location.  

 
 

4. Vastus Lateralis Cross-Sectional Area 
a. Transversely mark the skin every 2cm from the reference location towards the 

medial and lateral portions of the thigh (5-6 marks total).  

 
b. Place ultrasound gel on the ultrasound transducer and over the transverse 

marks.  
c. Align the superior edge of the ultrasound transducer with the lateral side of 

each mark and capture images sequentially in a medial to lateral direction.  
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d. Save each image by pressing the “Save” button. 
e. Once saved, subsequent images can be taken. 

 
5. Vastus Lateralis Thickness 

a. Place ultrasound gel on the ultrasound transducer and over the reference 
location.  

b. Place the linear transducer parallel to muscle fiber orientation at the marked 
reference location.  

 
c. Save each image by pressing the “Save” button. 
d. Once saved, subsequent images can be taken. 

 
6. Cross-Sectional Area Image Reconstruction 

a. Export saved images from the Siemens Acuson Freestyle ultrasound unit. 

 
b. Open Microsoft PowerPoint application.  
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c. Import cross-sectional images to blank PowerPoint slide. 

 
d. Crop each cross-sectional image to remove borders.  
e. Starting with the most medial image, rotate and align the fascial border of the 

previous image to recreate the entire fascial border of the vastus lateralis.  

 
f. Group aligned images and save as new image.  

 
7. Image Processing  

a. Open ImageJ application. 

 
b. Select “File” tab and “Open”. 
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c. Select “Analyze” tab and “Set Scale”. 

 
i. Set scale based on known distance in pixels.  

1. 6cm depth: 1cm à 95 pixels 
2. 5cm depth: 1cm à 115 pixels 
3. Known distance = 1.0, pixel aspect ratio = 1.0, unit of length = 

cm 
ii. Select “OK”.  

 
d. Select Segment tool on main toolbar to measure thickness image, or select 

Freehand tool on main toolbar to measure cross-sectional area image. 
e. Measure image (i.e., outline fascial border to measure cross-sectional area or 

select distance between fascial borders to measure muscle thickness).  

 
f. Once the image is measured, click command + M.  
g. Measurement window will appear with area, max, min, length, etc. 
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h. Screenshot measured image with the results window, and save as new image 

with “_m” following the previous image name.  
i. Open next image and repeat.  
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Table C4b. Electromyographic Signaling (Trigno Galileo Sensor) 
1. EMGworks Acquisition Setup 

a. Open EMGworks Acquisition application. 

 
b. Select the configuration file.  

 
c. To power on the sensors, take the Galileo sensors out of the base station and 

while the LED arrow is illuminated touch magnet to top of sensor along the 
white arrow. 

d. Select “Trigno Control Utility” button”. 
e. Select “Pair” for sensor one, touch the magnet to the top of the senor along the 

green arrow, and confirm pair on the desktop. Repeat this step for sensor two.  

 
f. Once each sensor is powered on and paired it can be secured to the prepared 

measurement location.  
g. For active head electrode placement, apply adhesives and align the black 

arrow on the posterior side of the electrode with muscle fiber orientation over 
the prepared measurement location. The black arrow should be pointing 
superiorly towards the origin of the muscle.  
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h. For reference body electrode placement, apply adhesives and align the 
blinking green arrow over the iliotibial band (inactive tissue). The green arrow 
should be pointing superiorly.  

 
 

2. EMG Data Collection  
a. Select the green “Start” button in the lower right corner of the application 

window.  

 
b. Enter the patient ID# and set file path.  
c. Select “Start Test”.  

  
d. Select and hold the y-axis and press F5 on the key to zoom in on the graphs 

(F6 to zoom out). 
e. Select “Start” to begin preset trial. 
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f. Select “Next Task” to advance to next task or select “Start” again to repeat the 

previous task.  

 
 

3. EMG Data Decomposition  
a. Ensure “Sleep Mode” is disabled on the PC. 
b. Open NeuroMap application. 

 
c. Select “Add Files”. 
d. Select files to decompose.  
e. Select “Process”.  
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4. EMG Decomposed Data Visualization and Exportation 
a. Open NeuroMap Explorer application.  

 
b. Select “+” to open decomposed files.  
c. Select “Plot” to show summary visualization.  

 
d. Set primary contraction channel and accuracy threshold.  

 
e. Select “Export” button to export decomposed data as text files.  
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Table C4c. Isokinetic and Isometric Torque 
1. Biodex Setup 

a. Turn on Biodex. 
b. Wait for Biodex calibration to occur. 
c. Position the back of the chair to 80 degrees. 
d. Attach limb being assessed. 

 
2. Computer Setup  

a. Open Biodex application. 

 
b. Select “Patient” icon. 

 
c. Enter in patient demographics. 
d. Select “Protocol” icon. 

i. Select preestablished protocol based on the desired strength 
assessment. 

1. Manuscript 1 Protocols: 
a. Isokinetic Unilateralà Kneeà CON/CON: TEST: 

120/120 (VL_BFR_Max) 
b. Isokinetic Unilateralà Kneeà CON/CON: TEST: 

120/120, 120/120, 120/120, 120/120 
(VL_BFR_Exercise) 

c. Isometric Unilateralà Kneeà AWAY: TEST: 90 
(VL_BFR_Fatigue)  

2. Manuscript 2 Protocols: 
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a. Isokinetic Unilateralà Kneeà CON/CON: TEST: 
90/90, 180/180 (LEAP_Isokinetic_90_180)  

e. Select “Range of motion” icon.  

 
i. Select the appropriate side “Left” / “Right”. 

ii. Click “Define New Range” | “Clear”. 
iii. Attach magnetic goniometer to the arm of the limb attachment. 
iv. Extend the patient’s knee to 0 degrees of extension | Press “Hold” 

button. 
v. Select “Away” on Biodex computer | Press “Hold” button. 

vi. Flex the patient’s knee to 70 degrees of flexion | Press “Hold” button. 
vii. Select “Towards” on the Biodex computer | Press “Hold” button. 

viii. Place the patient’s knee in 90 degrees of flexion (Neutral) | Press 
“Hold” button. 

ix. Select “Position” on the Biodex computer | Press “Hold” button. 
x. Extend the patient’s knee to 0 degrees of extension | Press “Hold” 

button. 
xi. Ask the patient to relax their leg. 

xii. Select “limb weight” on the Biodex computer. 
xiii. Select “Continue” on the Biodex computer. 
xiv. Select “Start” on the Biodex computer to begin testing. 

 
3. Patient Preparation 

a. Position the Patient in the Biodex Chair. 
b. Move the back of the chair so that ~5 cm of the patient’s thigh overhang the 

edge of the chair. 
c. Move chair forward/backward so that the lateral epicondyle aligns with the 

axis of rotation of the Biodex. 
d. Move chair up/down so that the lateral epicondyle aligns with the axis of 

rotation of the Biodex. 
e. Flex patient’s knees to 90 degrees. 
f. Restrain the patient with the lap belt and strap distal shank (2 cm above lateral 

malleolus) to Biodex attachment. 
g. Provide instructions for proper testing procedures: 

i. “Sit up straight with your back against the backrest” 
ii. “Cross your arms across your chest” 
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iii. “Do not rotate or arch or back” 
 

4. Data Collection  
a. Click the start button on the Biodex computer to initiate the assessment. 

 
 

b. Manuscript I: 
i. Isokinetic maximal trial: 

1. Inform the patient to perform as many practice trials as 
necessary until they are familiar with the task. 

2. Patient will perform 3 maximal repetitions at 120 deg/sec. 
3. Select Continue button on the screen. 

ii. Isokinetic submaximal exercise: 
1. Inform the patient to perform as many practice trials as 

necessary until they are familiar with the task. 
2. Patient will perform 30 repetitions at 20% of their maximal 

effort and 120 deg/sec. 
3. Patient will rest for 30 seconds. 
4. Patient will perform 15 repetitions at 20% of their maximal 

effort and 120 deg/sec. 
5. Patient will rest for 30 seconds. 
6. Patient will perform 15 repetitions at 20% of their maximal 

effort and 120 deg/sec. 
7. Patient will rest for 30 seconds. 
8. Patient will perform 15 repetitions at 20% of their maximal 

effort and 120 deg/sec. 
9. Select Continue button on the screen. 

iii. Isometric maximal trial:  
1. Patient will perform one maximal isometric knee extension 

contraction for 30 seconds.  
2. Select Continue button on the screen. 

iv. Repeat isokinetic submaximal exercise and isometric maximal trial 
under second exercise condition.  
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c. Manuscript II: 
i. Start with uninvolved limb.  

ii. Inform the patient to perform as many practice trials as necessary until 
they are familiar with the task. 

iii. Patient will perform 8 repetitions at 90 deg/sec. 
iv. Patient will rest for 30 seconds. 
v. Inform the patient to perform as many practice trials as necessary until 

they are familiar with the task. 
vi. Patient will perform 8 repetitions at 180 deg/sec. 

vii. Select Continue button on the screen. 
viii. Patient will perform one maximal isometric knee extension contraction 

for 30 seconds.  
ix. Patient will rest for one minute. 
x. Patient will perform one maximal isometric knee flexion contraction 

for 30 seconds.  
xi. Select Continue button on the screen. 

xii. Repeat isokinetic and isometric strength testing on involved limb.  
 

5. Data Processing 
a. After each assessment protocol select the “Report” Icon. 

 
b. Under options, select “Window Isokinetic Data” and “Use Metric Units”. 
c. Under Choose Report, select “Comprehensive Evaluation”. 
d. Select “Print”. 
e. Save as PDF in appropriate folder. 
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Table C5. Blood Flow Restriction Therapy Program Procedures 
 
Table C5a. Delfi Personalized Tourniquet System  

1. System Setup 
a. Turn on Delfi Personalized Tourniquet System.  
b. Allow device to complete self-test and calibration check. 

 
c. Select the “Settings” gear icon.  

 
d. Set limb occlusion pressure to 60% of the participant’s personalized 

tourniquet pressure. 

 
e. Press “Inflate” (i.e., upward facing arrow) button to begin occlusion.  
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Table C5b. Exercise Protocol 
1. Knee Extension 

a. Patient will be positioned on N-K Exercise Table with hips and knees flexed 
to 90 degrees.  

 
b. Patient will extend their involved knee through their full knee range of motion 

at a controlled pace of 2 seconds into extension and 2 seconds into flexion.  

 
2. Hamstring Curl  

a. Patient will be positioned on N-K Exercise Table with hips flexed to 90 
degrees and involved knee starting in full knee extension.  

 
b. Patient will flex their knee through their full knee range of motion at a 

controlled pace of 2 seconds into flexion and 2 seconds into extension.  
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3. Standing Hip Extension 

a. Patient in standing position with weight around lower leg above the ankle and 
their hands on their hips or wall for stabilization.  

 
b. Patient will maintain an upright position with full knee extension (no trunk 

movement).  
c. Patient will extend their involved limb through their full hip extension range 

of motion at a controlled pace of 2 seconds into extension and 2 seconds into 
flexion. 

 
4. Standing Hip Abduction  

a. Patient in standing position with weight around lower leg above the ankle, 
ipsilateral hand on hip, contralateral hand on hip or wall for stabilization.  
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b. Patient will maintain an upright position with full knee extension (no trunk 

movement).  
c. Patient will abduct their involved limb through their full hip abduction range 

of motion at a controlled pace of 2 seconds into abduction and 2 seconds into 
adduction. 

  
 

5. Leg Press 
a. Patients will be positioned on a Total Gym with an incline of 30 degrees.  
b. Patients will start with their hips flexed to approximately 90 degrees, their 

involved limb positioned at the midline of the foot plate, and their uninvolved 
limb positioned on the back rest.  
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c. Keeping their head and back against the back rest, patients will push up into 
knee extension of their involved limb and then lower back down into the 
starting position at a controlled pace of 2 seconds into flexion and 2 seconds 
into extension. 

 
d. Patients will avoid locking knees into full extension and valgus collapse.  

 
 



 255 

APPENDIX D: ADDITIONAL RESULTS 
 

Manuscript I 
 
Table D1.1. Descriptive statistics: motor unit behavior characteristics by condition and set 

  Mean ± SD (n = 25) 
 Exercise set LL-BFRT LL 

# Motor Units/ AVG 
Torque  

([NMU/(Nm/kg)]) 

Set 1  34.68 ± 14.51 33.99 ± 13.72 
Set 2  21.50 ± 11.17 17.17 ± 8.07 
Set 3  21.31 ± 10.91 18.78 ± 9.33 
Set 4  21.95 ± 11.73 18.10 ± 10.31 

Isometric Fatigue 10.70 ± 3.42* 6.58 ± 1.89* 
    

Peak MUAP  
(𝜇V) 

Set 1  79.54 ± 50.03 77.74 ± 71.98 
Set 2  91.09 ± 70.99 73.22 ± 59.62 
Set 3  93.01 ± 89.58 66.56 ± 53.03 
Set 4  88.16 ± 83.89 68.84 ± 49.32 

Isometric Fatigue 124.24 ± 97.58* 194.02 ± 170.36* 
    

Average MUAP (𝜇V) 

Set 1  63.31 ± 39.30 60.58 ± 52.70 
Set 2  70.94 ± 53.33 57.61 ± 44.41 
Set 3  72.27 ± 68.07 52.75 ± 40.78 
Set 4  67.11 ± 60.49 53.95 ± 38.31 

Isometric Fatigue 96.02 ± 73.10* 150.87 ± 123.17* 
    

Peak firing rate (pps) 

Set 1  14.06 ± 2.75 13.54 ± 2.91 
Set 2  12.48 ± 3.06 11.89 ± 2.63 
Set 3  12.51 ± 2.53 12.18 ± 2.30 
Set 4  12.90 ± 2.83 11.77 ± 2.39 

Isometric Fatigue 17.77 ± 3.14* 19.21 ± 2.52* 
    

Average firing rate (pps) 

Set 1  4.60 ± 1.27 4.51 ± 1.22 
Set 2  3.99 ± 1.26 3.89 ± 0.98 
Set 3  4.00 ± 1.19 4.07 ± 0.81 
Set 4  4.19 ± 1.20 3.97 ± 1.04 

Isometric Fatigue 10.67 ± 2.43* 13.15 ± 1.89* 
    

Initial firing rate (pps) 

Set 1  4.99 ± 1.38  5.37 ± 1.54 
Set 2  4.56 ± 1.27 4.59 ± 1.21 
Set 3  4.50 ± 1.02 4.85 ± 1.31 
Set 4  4.38 ± 1.18 4.65 ± 0.95 

Isometric Fatigue 4.09 ± 1.68* 4.86 ± 1.44* 
    

Terminal firing rate (pps) 

Set 1  6.03 ± 1.52 5.96 ± 1.43 
Set 2  6.01 ± 1.36 5.41 ± 1.44 
Set 3  5.54 ± 1.41 5.68 ± 1.30 
Set 4  6.33 ± 1.54 5.81 ± 1.51 

Isometric Fatigue 6.42 ± 1.05* 6.61 ± 0.98* 
* Calculated based on a full sample size of n = 28  
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Table D1.2. Pearson correlations: motor unit recruitment and morphological characteristics 

 Variable CSA Thickness Echogenicity SATT 

Accurate number 
of motor units 

recruited 

Set 1 0.07 
0.625 

-0.19 
0.169 

-0.10 
0.462 

-0.39 
0.003 

Set 2 0.11 
0.423 

-0.04 
0.748 

-0.04 
0.752 

-0.44 
<0.001 

Set 3 0.11 
0.400 

-0.07 
0.595 

-0.04 
0.791 

-0.56 
<0.001 

Set 4 -0.05 
0.708 

-0.20 
0.137 

-0.09 
0.505 

-0.41 
0.002 

Isometric trail -0.20 
0.135 

-0.16 
0.253 

0.12 
0.363 

-0.07 
0.626 

 

 
 



 257 

Manuscript II 
 
Table D2.1. Additional participant demographic information 

Group Participant 
(#) MOI Contact vs. 

Noncontact 
Dominant 

Limb 
Surgical 

Limb 
Meniscal 

Involvement 
Primary 
ACLR 

Returned to Preinjury 
Level of Activity Knee 

Satisfaction 
Currently in 
Formal PT Current Intending 

LL-
BFRT 

2 Quidditch Noncontact Right Right Yes Yes Yes - Yes No 

3 Swimming Noncontact Right Left Yes Yes No Yes No No 

4 Field 
Hockey Noncontact Right Left Yes Yes No Yes No Yes, 1 time 

per week 

7 Lacrosse Noncontact Right Left No Yes Yes - No No 

14 Skiing Noncontact Right Left No Yes No Yes No Yes, 2 times 
per week 

Control 

1 Gymnastics Noncontact Right Left No Yes Yes - No No 

9 Soccer Noncontact Right Left No Yes Yes - No No 

10 Gymnastics Noncontact Right Right No Yes Yes - Yes No 

12 Soccer Noncontact Right Left Yes No No No Yes No 

16 Ultimate 
Frisbee Noncontact Right Left Yes Yes No Yes No Yes, 1 time 

per week 
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Table D2.2. Participant goals following ACL injury and surgical reconstruction 

Group Participant 
(#) What are your overall goals in regard to your ACL injury and surgical reconstruction? 

LL-
BFRT 

2 “Full participation/contact during club quidditch” 
3 “Reduce knee pain” 
4 “Full recovery and return to sport” 
7 “I want to feel symmetrical and have equal strength in both of my legs” 
14 “Return to sport - skiing, mountain biking, pickleball” 

Control 

1 “I would like to return to my high level of activity without pain occurring” 
9 “Regain strength balance” 
10 “Return to full participation in gymnastics (previously), and as much full range of motion and stability as possible” 
12 “Enjoy typical daily activities without pain” 
16 “Return to play after passing return to sport testing” 

 

Table D2.3. Qualifying LSI metrics  

Group Participant 
(#) 

Peak Torque 
for 90 deg/s 

Average Peak 
Torque for 90 deg/s 

Peak Torque for 
180 deg/s 

Average Peak Torque 
for 180 deg/s 

Peak Torque for 
Isometric 

LL-
BFRT 

2 x x    
3    x x 
4 x x x x x 
7 x x   x 
14 x x x x x 

Control 

1 x x x x x 
9 x x    
10     x 
12     x 
16 x x x x x 

Total 7 7 4 5 8 
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Table D2.4. Individual normalized isokinetic knee extension torque and LSI at 90 deg/s 

Group Participant Time 
Peak Torque (Nm/kg)  Average Peak Torque (Nm/kg) 

INV UNINV LSI (%)  INV UNINV LSI (%) 

LL-
BFRT 

2 
1 1.64 2.15 76.19  1.57 1.97 79.55 
2 1.86 2.19 85.15  1.76 2.00 88.13 
3 1.86 2.32 80.20  1.75 2.17 80.92 

         

3 
1 1.22 1.46 83.02  1.06 1.24 85.74 
2 1.96 1.53 127.82  1.79 1.44 124.42 
3 1.69 1.54 109.44  1.61 1.43 112.77 

         

4 
1 1.40 2.84 49.22  1.26 2.76 45.58 
2 1.56 2.71 57.56  1.46 2.59 56.42 
3 1.78 2.95 60.32  1.62 2.78 58.30 

         

7 
1 1.53 2.32 65.94  1.37 2.11 64.89 
2 2.27 1.89 120.05  2.16 1.74 124.23 
3 2.01 1.93 104.43  1.89 1.70 111.32 

         

14 
1 0.79 1.92 41.08  0.73 1.73 42.30 

 2 1.04 1.95 53.32  0.90 1.72 52.48 
 3 0.83 2.08 39.97  0.78 1.97 39.61 

         
          

Control 

1 
1 1.13 1.67 67.56  1.02 1.49 68.49 
2 1.24 1.79 69.28  1.17 1.64 71.62 
3 1.22 1.81 67.74  1.15 1.65 69.52 

         

9 
1 1.70 2.13 79.85  1.58 1.99 79.32 
2 1.49 2.07 71.82  1.42 1.94 73.17 
3 1.45 1.95 74.34  1.37 1.80 75.79 

         

10 
1 1.62 1.75 92.24  1.49 1.52 98.13 
2 1.65 1.74 94.78  1.50 1.67 90.01 
3 1.63 1.86 87.56  1.48 1.71 86.38 

         

12 
1 1.96 1.98 99.14  1.82 1.78 102.34 
2 2.05 2.06 99.27  1.86 1.89 98.40 
3 2.07 1.96 105.30  1.68 1.69 99.77 

         

16 
1 1.65 2.32 71.07  1.54 2.22 69.48 

 2 1.86 2.41 77.24  1.79 2.16 82.82 
 3 1.74 2.44 71.18  1.62 2.26 71.73 
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Table D2.5. Individual normalized isokinetic knee extension torque and LSI at 180 deg/s 

Group Participant Time 
Peak Torque (Nm/kg)  Average Peak Torque (Nm/kg) 

INV UNINV LSI (%)  INV UNINV LSI (%) 

LL-
BFRT 

2 
1 1.20 1.47 81.80  1.09 1.33 82.44 
2 1.24 1.54 80.75  1.12 1.37 82.19 
3 1.22 1.63 74.64  1.15 1.51 76.25 

         

3 
1 1.01 1.26 80.01  0.71 1.08 66.06 
2 1.55 1.38 112.06  1.40 1.24 112.17 
3 1.49 1.28 116.21  1.30 1.19 109.95 

         

4 
1 1.44 1.99 72.47  1.34 1.84 72.89 
2 1.41 2.00 70.59  1.32 1.85 71.02 
3 1.65 2.06 80.25  1.58 1.93 81.42 

         

7 
1 1.72 1.63 105.12  1.49 1.48 101.25 
2 1.86 1.81 102.69  1.66 1.71 97.06 
3 1.68 1.73 97.19  1.57 1.56 100.32 

         

14 
1 0.59 1.37 43.18  0.52 1.20 43.77 

 2 0.58 1.47 39.56  0.49 1.32 36.92 
 3 0.66 1.63 40.61  0.62 1.41 43.88 

         
          

Control 

1 
1 0.84 1.11 75.59  0.77 1.04 73.49 
2 0.97 1.39 69.87  0.90 1.21 74.36 
3 1.05 1.32 79.44  0.95 1.17 81.82 

         

9 
1 1.40 1.64 85.70  1.25 1.48 84.46 
2 1.31 1.63 80.30  1.13 1.42 79.62 
3 1.21 1.51 79.82  1.10 1.34 82.32 

         

10 
1 1.03 1.19 87.02  0.90 1.02 88.71 
2 1.16 1.32 87.64  1.05 1.17 90.18 
3 1.22 1.27 95.72  1.04 1.13 91.96 

         

12 
1 1.58 1.56 101.46  1.39 1.40 99.46 
2 1.62 1.60 101.54  1.39 1.45 95.68 
3 1.67 1.44 116.34  1.47 1.28 115.41 

         

16 
1 1.18 1.62 72.85  1.05 1.45 72.47 

 2 1.40 1.67 84.26  1.15 1.48 78.07 
 3 1.31 1.75 75.18  1.24 1.57 78.94 
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Table D2.6. Individual normalized isometric knee extension torque and LSI 

Group Participant Time 
Peak Torque (Nm/kg) 

INV UNINV LSI (%) 

LL-BFRT 

2 
1 1.18 1.13 103.94 
2 1.13 1.33 85.03 
3 1.14 1.55 73.50 

     

3 
1 0.67 1.29 52.26 
2 1.51 1.11 135.22 
3 1.32 1.32 100.42 

     

4 
1 2.13 4.92 43.32 
2 2.40 4.21 57.02 
3 2.97 4.76 62.38 

     

7 
1 1.68 2.88 58.30 
2 2.01 2.68 75.16 
3 1.95 2.50 77.89 

     

14 
1 0.81 2.15 37.75 

 2 0.92 2.68 34.18 
 3 0.88 2.63 33.45 

     
      

Control 

1 
1 1.34 2.63 50.93 
2 1.42 2.38 59.57 
3 1.48 1.81 81.85 

     

9 
1 2.24 2.52 88.88 
2 1.74 2.39 72.69 
3 1.59 2.37 67.37 

     

10 
1 0.98 1.73 56.92 
2 1.33 1.67 79.98 
3 1.44 1.69 85.08 

     

12 
1 1.66 2.15 77.38 
2 1.48 2.22 66.49 
3 1.28 1.86 68.79 

     

16 
1 1.41 2.87 49.00 

 2 1.51 2.29 66.00 
 3 1.43 1.82 78.62 
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Figure D2.1. Limb symmetry index for isokinetic strength testing at 90 º/s ([A] peak knee extension 
torque, [B] average peak knee extension torque) by group and time. 

 
 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
 
Figure D2.2. Limb symmetry index for isokinetic strength testing at 180 º/s ([A] peak knee extension 
torque, [B] average peak knee extension torque) by group and time. 

 
 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
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Figure D2.3. Limb symmetry index for peak knee extension torque during isometric strength testing at 90 
º of knee flexion by group and time. 

 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
 
Figure D2.4. Involved limb knee extension strength for isokinetic testing at 90 º/s ([A] peak knee 
extension torque, [B] average peak knee extension torque) by group and time. 

 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
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Figure D2.5. Involved limb knee extension strength for isokinetic testing at 180 º/s ([A] peak knee 
extension torque, [B] average peak knee extension torque) by group and time. 

 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
 
Figure D2.6. Involved limb knee extension strength for isometric testing at 90 º of knee flexion by group 
and time. 

 
Abbreviations: LL-BFRT, low load exercise with blood flow restriction therapy 
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Manuscript III  
Table D3.1. Individual PROM responses by group 

Group Participant Timepoint IKDC KOOS ACL-RSI TSK GRoC 

LL-
BFRT 

2 
1 91.95 91.67 80.30 31  
2 89.65 92.26 80.30 27 5 
3 94.25 92.86 93.94 25 6 

       

3 
1 59.77 69.64 36.36 52  
2 74.71 86.31 87.88 33 5 
3 79.31 92.86 85.61 29 6 

       

4 
1 82.76 89.29 43.94 37  
2 78.16 92.86 67.42 32 4 
3 88.50 92.26 78.03 31 5 

       

7 
1 77.01 89.29 53.79 37  
2 85.06 93.45 84.85 30 6 
3 93.10 94.64 93.18 31 7 

       

14 
1 59.77 77.38 62.12 37  

 2 71.26 88.09 59.85 35 6 
 3 78.16 89.88 56.06 32 6 

       
        

Control 

1 
1 79.31 77.38 68.94 27  
2 72.41 79.76 68.94 28 0 
3 73.56 83.33 68.18 28 2 

       

9 
1 55.17 75.59 59.09 39  
2 52.87 75.59 46.97 34 0 
3 42.53 66.07 59.09 33 0 

       

10 
1 90.80 95.83 75.00 31  
2 94.25 95.83 83.33 31 0 
3 95.40 96.43 84.09 31 0 

       

12 
1 89.65 96.43 81.82 37  
2 95.40 99.40 89.39 35 0 
3 96.55 97.62 87.88 31 0 

       

16 
1 81.61 91.67 38.64 35  

 2 86.21 92.26 75.00 32 3 
 3 90.80 96.43 83.33 24 6 
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Table D3.2. Pearson correlations: changes in knee extension LSI and PROMs 

 
Variable Change 

PROM 

 ACL-RSI TSK IKDC KOOS Symptom Pain ADL Sport QoL GRoC 

LSI 

Peak Torque at 
90 deg/s 

1 0.71* 
(0.021) 

-0.70* 
(0.025) 

0.65 
(0.053) 

0.61 
(0.059) 

0.52 
(0.120) 

0.71* 
(0.021) 

0.38 
(0.275) 

0.40 
(0.253) 

0.44 
(0.203) 

0.71* 
(0.022) 

2 0.68* 
(0.029) 

-0.49 
(0.151) 

0.60 
(0.066) 

0.51 
(0.136) 

0.43 
(0.211) 

0.57 
(0.084) 

0.45 
(0.195) 

0.23 
(0.532) 

0.58 
(0.078) 

0.57 
(0.084) 

Average Peak 
Torque at 90 

deg/s 

1 0.70* 
(0.023) 

-0.64* 
(0.048) 

0.51 
(0.129) 

0.51 
(0.134) 

0.40 
(0.251) 

0.62 
(0.054) 

0.26 
(0.463) 

0.33 
(0.346) 

0.45 
(0.192) 

0.74* 
(0.015) 

2 0.70* 
(0.025) 

-0.46 
(0.177) 

0.52 
(0.123) 

0.44 
(0.198) 

0.35 
(0.326) 

0.45 
(0.189) 

0.37 
(0.300) 

0.26 
(0.462) 

0.57 
(0.084) 

0.63* 
(0.049) 

Peak Torque at 
180 deg/s 

1 0.80** 
(0.005) 

-0.82** 
(0.004) 

0.62 
(0.056) 

0.66* 
(0.037) 

0.73* 
(0.017) 

0.74* 
(0.014) 

0.81** 
(0.005) 

0.19 
(0.608) 

0.12 
(0.747) 

0.28 
(0.439) 

2 0.39 
(0.264) 

-0.65* 
(0.044) 

0.37 
(0.294) 

0.64* 
(0.045) 

0.60 
(0.066) 

0.65* 
(0.044) 

0.75* 
(0.012) 

0.39 
(0.268) 

0.32 
(0.368) 

-0.08 
(0.834) 

Average Peak 
Torque at 180 

deg/s 

1 0.71* 
(0.022) 

-0.84** 
(0.002) 

0.50 
(0.144) 

0.70* 
(0.024) 

0.82** 
(0.004) 

0.72* 
(0.020) 

0.83** 
(0.003) 

0.26 
(0.463) 

0.07 
(0.859) 

0.21 
(0.553) 

2 0.48 
(0.161) 

-0.75* 
(0.012) 

0.42 
(0.233) 

0.72* 
(0.019) 

0.65* 
(0.040) 

0.65* 
(0.041) 

0.80** 
(0.005) 

0.49 
(0.153) 

0.43 
(0.211) 

0.07 
(0.856) 

Peak Isometric 
Torque 

1 0.83** 
(0.003) 

-0.75* 
(0.013) 

0.52 
(0.105) 

0.69* 
(0.028) 

0.72* 
(0.019) 

0.72* 
(0.018) 

0.67* 
(0.034) 

0.41 
(0.238) 

0.07 
(0.852) 

0.26 
(0.474) 

2 0.58 
(0.076) 

-0.35 
(0.360) 

0.40 
(0.257) 

0.58 
(0.078) 

0.58 
(0.080) 

0.42 
(0.222) 

0.48 
(0.162) 

0.61 
(0.063) 

0.30 
(0.398) 

0.19 
(0.591) 
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APPENDIX E: BACK MATTER 
 

Recommendations for Future Research 

1. Future work is needed to explore how variations in the amount of applied limb 
occlusion pressure and exercise load may influence motor unit recruitment and 
behavior during exercise with blood flow restriction therapy. 

2. Studies examining how motor unit recruitment and behavior during low load exercise 
with blood flow restriction therapy differ between exercise sets performed to failure 
and standard blood flow restriction therapy protocols (i.e., 30x15x15x15) are 
essential next steps.  

3. Future research with synchronized assessment of muscle activation (i.e., surface 
electromyography with motor unit decomposition capabilities) and muscle strength 
(i.e., isokinetic dynamometry) is needed to explore how the inclusion of blood flow 
restriction therapy during low load exercise influences individual motor unit 
recruitment thresholds. 

4. Additional studies should aim to determine how motor unit recruitment and behavior 
differ during high load resistance exercise, moderate load resistance exercise, and low 
load resistance exercise with and without blood flow restriction therapy.  

5. Large, representative randomized controlled trials are needed to fully elucidate the 
potential benefits of low load exercise with blood flow restriction therapy on 
quadriceps strength in patients following anterior cruciate ligament reconstruction 
compared to traditional post-surgical rehabilitative programs.  

6. Research is needed to explore when in the recovery process (i.e., presurgical, 
immediate postsurgical, mid-recovery, or late-recovery) may be the most appropriate 
and effective time to implement blood flow restriction therapy into patient care 
programs for improving quadriceps strength in individuals following anterior cruciate 
ligament reconstruction.  

7. Longitudinal studies are needed to determine the long-term effects of post-surgical 
blood flow restriction therapy programs on muscle function and patient reported 
outcomes including quality of life, self-reported knee function, and reinjury rates in 
patients long after anterior cruciate ligament reconstruction.  

8. Further prospective research is needed to explore how implementing blood flow 
restriction therapy into patient care programs following anterior cruciate ligament 
reconstruction influences patient reported function, satisfaction, confidence, and fear 
of reinjury throughout the rehabilitative process via serial, longitudinal assessments 
occurring from presurgical to unrestricted physical activity clearance.  

9. Studies utilizing mixed methodological designs are required to gain a comprehensive 
assessment of the psychological responses to blood flow restriction therapy in load 
restricted patient populations such as post-surgical patients and elderly individuals. 
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