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Abstract

Background—Neuromuscular electrical stimulation (NMES) has been shown to reduce 

quadriceps activation failure (QAF), and eccentric exercise has been shown lessen muscle atrophy 

post-ACL reconstruction. Given that these are two critical components of quadriceps strength, 

intervention combining these therapies may be effective at reinstituting quadriceps function post-

anterior cruciate ligament (ACL) reconstruction.

Objectives—To evaluate the effectiveness of a combined NMES and eccentric exercise 

intervention to improve the recovery of quadriceps activation and strength post-reconstruction.

Design—Parallel longitudinal design.

Setting—Laboratory.

Participants—Thirty-six individuals post-injury were placed into four treatment groups (N&E, 

NMES and eccentrics; E-only, eccentrics only; N-only, NMES-only; STND, standard of care) and 

ten healthy controls participated.

Intervention—N&E and N-only received the NMES protocol 2x per week for the first six weeks 

post-reconstruction. N&E and E-only received the eccentric exercise protocol 2x per week 

beginning six weeks post-reconstruction.

Main outcome measure—Quadriceps activation was assessed via the superimposed burst 

technique and quantified via the central activation ratio. Quadriceps strength was assessed via 

maximal voluntary isomeric contractions (Nm/kg). Data was gathered on three occasions: pre-

operative, 12-weeks-post-surgery and at return-to-play.
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Results—No differences in pre-operative measures existed (P>0.05). E-only recovered 

quadriceps activation better than N-only or STND (P<0.05). N&E and E-only recovered strength 

better than N-only or the STND (P<0.05) and had strength values that were similar to healthy 

individuals at return-to-play (P>0.05).

Conclusion—Eccentric exercise was capable of restoring levels of quadriceps activation and 

strength that were similar to those of healthy adults and better than NMES alone.
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1. Introduction

Quadriceps weakness is common following anterior cruciate ligament (ACL) reconstruction. 

Despite aggressive rehabilitation programs directed at improving quadriceps function, a 

universally effective treatment approach to reverse this muscle weakness has yet to be 

identified [1]. Quadriceps weakness that accompanies ACL injury is related to reduced 

functional performance [2, 3], the potential for re-injury [2, 4], and the development of post-

traumatic osteoarthritis [5]. Given the short-and long-term consequences of quadriceps 

weakness, it is critical that rehabilitation approaches capable of reinstituting complete 

quadriceps strength are developed.

Although the precise mechanism(s) of quadriceps weakness are unknown, there is evidence 

to suggest that quadriceps activation failure (QAF) and muscle atrophy contribute to 

persistent strength deficits [1, 6]. Activation failure is the inability to completely volitionally 

contract the muscle due to alterations in neural signaling [7], and is common following ACL 

reconstruction [8, 9]. Specifically, these changes in neural signaling are thought to be caused 

by a reduction in alpha motorneuron recruitment and/or firing rate [7]. If left untreated, QAF 

can significantly impede strength gains[10] by only allowing portions of the muscles to be 

volitionally utilized during active exercise [7]. Quadriceps muscle atrophy that occurs 

following ACL reconstruction is also thought to contribute to persistent muscle weakness 

[11, 6] due to alterations in muscle architecture [12, 13], selective fiber atrophy [14-16], or 

even neural deficits such as QAF [1]. Together, QAF and muscle atrophy have been 

reported to account for approximately 60% of the variance in quadriceps strength post-ACL 

injury [6]. As such, QAF and muscle atrophy are crucial factors to target in order to improve 

the recovery of quadriceps strength following ACL reconstruction.

Neuromuscular electrical stimulation (NMES) is a clinical modality that has the potential to 

treat QAF by initiating action potentials in intramuscular nerve branches, resulting in an 

involuntary contraction of the muscle [17].Because NMES exogenously stimulates the 

muscle, large diameter, Type II muscle fibers are thought to be selectively recruited, 

resulting in a greater potential for muscle force production [18]. Importantly, in ACL 

reconstructed individuals, NMES has been found to be more effective than exercise alone at 

improving quadriceps activation [19].
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Eccentric exercise, whereby the muscle is lengthened and an external force exceeds that 

produced by the muscle, has been shown to be more effective than traditional concentric 

strengthening at minimizing muscle atrophy and improving muscle force production [20]. 

Though the application of early post-operative eccentric resistance exercise to the ACL 

reconstructed limb has traditionally been contraindicated, as there is potential for injury to 

the graft, articular cartilage, or surrounding soft tissue structure [21], recent evidence has 

shown that the application of early eccentrics to the ACL limb can be used to safely increase 

quadriceps muscle volume [22, 23] and strength [24, 25].

As NMES and eccentric exercise have been shown to successfully improve two critical 

components of quadriceps weakness, it seems plausible that a rehabilitation protocol 

utilizing both of these therapies will be effective at reinstituting quadriceps strength. 

Understanding the benefit of this combined therapy approach will help to provide 

preliminary evidence of therapies that can positively influence post-operative quadriceps 

function and will provide data that will help to justify the necessity of this intervention to be 

examined using a large randomized clinical trial. Therefore, the goal of the current study 

was to determine if the combination of NMES and eccentric exercise would be effective at 

improving quadriceps muscle strength in patients following ACL reconstruction. We 

hypothesized that the greatest improvements in quadriceps muscle strength would be 

achieved in patients receiving the combined intervention, when compared to patients 

receiving either therapy in isolation or the standard of care following ACL reconstruction. 

Furthermore, we anticipated that improvements in quadriceps activation would be 

significantly related to gains in quadriceps strength.

2. Materials and Methods

2.1 Participants

Prior to the recruitment of participants, this trial was prospectively registered in a public 

registry (NCT01555567). Individuals scheduled for ACL reconstruction were invited to 

participate in this study (Figure 1, Table 1). Potential participants were excluded if they: had 

a previous history of surgery to either knee, suffered a previous ACL injury, or had a known 

heart condition. Pregnant females were also excluded. Surgical reports were obtained to 

report any concomitant meniscal damage that required surgery (Table 1). Sample size for 

this investigation was estimated using an a priori power analysis based on previous work 

examining the effects of NMES on volitional muscle activation post-ACL reconstruction. 

Based on this previous work, a projected effect size of 3.66 was calculated for quadriceps 

strength. Thus, in order to detect associations with a α-level of 0.05 and the 1-β of 0.80, it 

was determined that at least six patients per group would be needed for this investigation 

[26]. Additionally, ten healthy controls were also enrolled in this investigation so that we 

could estimate the effectiveness of these interventions to restore healthy levels of quadriceps 

function. Informed consent and was obtained from all subjects approved by the University's 

Institutional Review Board prior to testing.
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2.2 Design overview

This study utilized a parallel longitudinal design, wherein ACL patients were placed into 

one of four treatment groups (Figure 2). All ACL patients were required to complete 

quadriceps activation and strength measures at three testing sessions (pre-operative, 12-week 

post-surgery and at return-to-play [RTP]). At the first post-operative rehabilitation 

appointment, patients in the combined NMES and eccentric exercise (N&E) and NMES (N-

only) groups began the 6-week NMES therapy protocol. At six weeks post-operative, the 

N&E and eccentric (E-only) groups began the eccentric strengthening program. Patients in 

the standard of care (STND) group did not receive either the NMES or eccentric 

strengthening study protocol and underwent the standard ACL rehabilitation protocol that is 

utilized at our institution. Healthy participants participated in only one data collection where 

quadriceps activation and strength were assessed.

Patients in all groups received the same basic rehabilitation protocol (Appendix A). The 

NMES and eccentric treatments were considered to be adjunct treatment(s) to the overall 

post-operative treatment plan. As such, we did not strictly control the basic rehabilitation 

protocol utilized at our institution. The NMES intervention was initiated immediately post-

surgery at the first physical therapy appointment (average 6.5±2.9 days post-surgery to start 

of NMES) and the eccentric exercise intervention was delayed until each patient was at least 

six weeks post-reconstruction (average 42.5±3.4 days post-surgery to start of eccentrics). 

This was done to ensure each patient had adequate time to manage his or her pain, effusion, 

range of motion and quadriceps function.

2.3 Interventions

Patients placed into groups N&E and N-only received the NMES intervention two times per 

week for six weeks following ACL reconstruction (Figure 3, A). Patients in the STND and 

E-only groups did not receive this treatment. To deliver the therapy, patients were positioned 

in a Biodex Dynamometer (Biodex System 3, Biodex Medical Systems, Shirley, NY, USA) 

with their hips flexed to 90°, ACL knee flexed to 60° and their back supported. Self-

adhesive, stimulating electrodes (Dura-Stick II [7 × 13cm] Chattanooga Group, Hixson, TN, 

USA) were placed over the vastus lateralis proximally and the vastus medialis distally. The 

Intelect Legend XT (Chattanooga Medical Supply, Chattanooga, TN) was set to deliver a 

2500 Hz alternating current, modulated at 75 bursts per second, with a ramp-up time of 2 

seconds, followed by a 50-second rest period [27]. Patients were encouraged to tolerate the 

stimulus at maximal tolerance level and to relax while the NMES was delivered in order to 

avoid voluntary quadriceps contraction and hamstring co-contraction (Appendix B: NMES 

intensity). Ten isometric actions lasting 10 seconds each were elicited during each session. 

This post-operative protocol has been demonstrated to improve quadriceps strength and 

activation in patients that have undergone total knee arthroplasty [28] and ACL 

reconstruction [29, 27].

Patients placed into Group N&E and E-only received eccentric exercise two times per week 

for six weeks, beginning at six weeks post-ACL reconstruction (Figure 3, B). N-only and 

STND patients did not receive this intervention. To perform the exercise, patients were 

positioned in a BLAST!™ Leg Press (BLAST! Leg Press version 1.2, Bio Logic 
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Engineering Inc., Dexter, MI, USA) with their ACL-reconstructed knee range of motion 

limited to approximately 20 to 60° of knee flexion, following guidelines established by 

Gerber et al. [24]. Once correctly positioned in the Blast!™ Leg Press, patients performed a 

warm-up trial consisting of a series of ten isokinetic concentric and eccentric quadriceps 

actions with the ACL reconstructed limb. Following the warm-up trial, each participant 

performed ten isokinetic eccentric quadriceps actions with the ACL limb. In total, patients 

completed four sets of ten eccentric actions with two minutes rest in between each set. 

During the eccentric actions, patients were encouraged to train at an intensity equal to 60% 

of their eccentric one-repetition maximum (recorded at the beginning of each week) 

(Appendix C: Eccentric intensity) [30].

2.4 Outcomes

To assess quadriceps strength, patients were positioned with their hips flexed to 90°, their 

back supported, and their testing leg and torso strapped into the dynamometer. At each 

testing session, patients performed three knee extension maximal voluntary isometric 

(MVIC) trials with the knee flexed to 90°. The maximal knee extension torque produced 

across the three trials was normalized to body weight and used for analysis.

To quantify quadriceps activation the superimposed burst technique was utilized, wherein 

the peak torque recorded from the MVIC trials was inputted into a custom written program 

(LabVIEW version 8.5, National Instruments, Austin, TX, USA) set to deliver a 

supramaximal electrical stimulus (100 pulses/sec, 600μsec pulse duration, 10 pulse titanic 

train, 130 V) to the quadriceps muscle once the maximal knee extension torque had been 

reached and then subsequently dropped by one Nm [31]. The electrical stimulus was 

delivered through two self-adhesive stimulating electrodes (Dura-Stick II [7 × 13cm] 

Chattanooga Group, Hixson, TN, USA) applied over the vastus lateralis muscle proximally 

and the vastus medialis distally using a Grass S88 Dual Output Square Pulse Stimulator 

(S88, Grass Technologies, West Warick, RI, USA) with an SIU8T Transformer Stimulus 

Isolation Unit (SIU8T, Grass Technologies, West Warick, RI, USA) attached. Volitional 

activation of the quadriceps was determined using the central activation ratio (CAR) formula 

(Equation 1) wherein, the subject's peak torque generated immediately prior to the delivery 

of the stimulus was divided by the peak torque generated as a result of the electrical stimulus 

and multiplied by 100. A CAR of 100 was used to represent complete quadriceps activation 

[32]. The maximal CAR value (i.e. trial that displayed the least amount of QAF) that was 

collected was used for statistical analysis.

Equation 1 Central Activation Ratio

2.5 Statistical analysis

To ensure there were no differences in baseline parameters one-way ANOVAs were used 

examine the following variables between groups: time between sessions (post-injury to pre-
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operative test, post-surgery to 12-week test and post-surgery to return-to-play test), pre-

operative quadriceps activation, strength, and subject demographics).

The primary outcome measures for this study were quadriceps strength (MVIC) and 

quadriceps activation (CAR). To detect the immediate and prolonged effectiveness of 

interventions, percent change scores (Equation 2) were calculated for quadriceps strength 

and activation between the 1) pre-operative and 12-week post-surgery time points (Pre-

to-12wks), and between the 2) pre-operative and RTP (Preto-RTP) time points. The percent 

change score were then subsequently analyzed using one-way ANOVAs with post hoc 

independent t-tests to determine between group differences where appropriate. To determine 

if gains in quadriceps activation were a mechanism leading towards gains in strength, 

several separate linear regressions were utilized to assess the relationship between change in 

quadriceps activation and strength from 1) Pre-to-12wks and 2) Pre-to-RTP. To determine 

the effectiveness of interventions to restore ‘healthy and/or normal’ levels of quadriceps 

function, each treatment group's quadriceps strength and activation at RTP was compared to 

Healthy controls utilizing independent t-tests. Lastly, standardized effect sizes and 95% 

confidence intervals (CI) were calculated to determine if gains in quadriceps function that 

were detected between groups were clinically meaningful. Effect sizes were interpreted 

using the guidelines described by Cohen [33]. The α-level was set a priori at P≤0.05 for all 

tests. Statistical analysis was performed using the Statistical Package for the Social Sciences 

(SPSS) software version 21.0 (IBM Corp., Armonk, NY, USA).

Equation 2 Percent Change

3. Results

3.1 Pre-operative quadriceps function and demographics

No significant differences in participant demographics were found between groups (P>0.05). 

Furthermore, no difference in pre-operative quadriceps function (Strength: P=0.94; QAF: 

P=0.61), time between injury and surgery (P=0.32) or between testing sessions (12-week 

post-surgery: P=0.17; RTP: P=0.59) were detected between treatment groups (Table 1).

3.2 Percent change scores- quadriceps activation

A significant change in quadriceps activation was detected between groups at the pre-

operative to RTP time points (P=0.04), but not between groups at the pre-operative and 12-

weeks post-surgery (P=0.21, Table 2) time points. Post hoc tests and effect sizes calculations 

revealed that E-only demonstrated significantly greater, and strong-clinically meaningful 

gains in quadriceps activation at RTP as compared to STND (P=0.01, d=1.25, CI=0.23, 

2.26) and N-only (P=0.05, d=0.99, CI=0.01, 1.97). N&E demonstrated significantly greater, 

and strong-clinically meaningful gains at RTP as compared to STND (P=0.04, d=1.05, 

CI=0.06, 2.05). Compared to N-only, N&E demonstrated a trend towards improved 

quadriceps activation (P=0.09, d=0.84, CI=−0.13, 1.81) that was found to be clinically 
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meaningful, but not statistically significant. No difference in quadriceps activation was 

detected between N&E and E-only (P=0.63, d=0.24, CI=−0.74, 1.23) or between N-only and 

STND (P=0.93, d=0.03, CI=−0.84, 0.91).

3.3 Percent change scores- quadriceps strength

Significant changes in quadriceps strength were detected between groups at the pre-

operative to 12-week post-surgery time points (P=0.02) and between groups at the pre-

operative to RTP time points (P=0.02, Table 3). Post hoc tests and effect sizes calculations 

revealed that N&E demonstrated significantly greater, and strong-clinically meaningful 

gains in quadriceps strength at all post-operative time points as compared to N-only (Pre-op 

to 12wks: P=0.04, d=1.05, CI=0.06, 2.04; Pre-op to RTP: P=0.03, d=1.07, CI=0.08, 2.07) 

and STND (Pre-op to 12wks: P=0.01, d=1.41, CI=0.37, 2.45; Pre-op to RTP: P=0.02, 

d=1.14, CI=0.14, 2.14). No difference in quadriceps strength was detected between N&E 

and E-only (Pre-op to 12wks: P=0.29, d=0.51, CI=−0.45, 1.54; Pre-op to RTP: P=0.32, 

d=0.51, CI=−0.49, 1.50). E-only was found to be statistically and clinically stronger than 

STND (Pre-op to 12wks: P=0.08, d=0.87, CI=−0.10, 1.84; Pre-op to RTP: P=0.03, d=1.13, 

CI=0.13, 2.13) and N-only (Pre-op to 12wks: P=0.34, d=0.46, CI=−0.48, 1.40; Pre-op to 

RTP: P=0.05, d=0.97, CI=−0.01, 1.96) at RTP. Lastly, no differences in strength were 

detected between N-only and STND (Pre-op to 12wks: P=0.26, d=0.52, CI=−0.37, 1.41; 

Preop to RTP: P=0.92, d=0.04, CI=−0.83, 0.92).

3.4 Relationship between change in quadriceps activation and strength

The change in quadriceps activation from Pre-to-12wks (R2=0.14, b=0.38, P=0.02, Figure 4) 

and from Pre-to-RTP (R2=0.12, b=0.35, P=0.03, Figure 5) was significantly related to 

improvements in quadriceps strength.

3.5 Quadriceps activation and strength- compared to Healthy

As compared to Healthy, no differences in quadriceps strength or activation were detected 

for groups N&E (Strength: P=0.55, d=0.29, 95%CI=−0.65, 1.22, Table 2; QAF: P=0.46, 

d=0.36, CI=−0.58, 1.29, Table 3) and E-only (Strength: P=0.48, d=0.34, CI=−0.59, 1.28; 

QAF: P=0.18, d=0.66, CI=−0.29, 1.61) at RTP. At RTP, group N-only demonstrated 

significant, strong-clinically meaningful strength deficits and QAF as compared to Healthy 

(Strength: P=0.01, d=1.32, 95%CI=0.35, 2.29; QAF: P=0.01, d=1.24, CI=0.28, 2.20). 

Healthy was statistically and clinically stronger than STND at RTP (Strength: P=0.01, 

d=1.32, CI=0.35, 2.29), but no difference in activation was detected (QAF: P=0.12, d=0.71, 

CI=−0.19, 1.61).

4. Discussion

This prospective study used a combined NMES and eccentric exercise intervention to 

improve the recovery of quadriceps strength. It was found that individuals receiving the 

combined NMES and eccentric exercise intervention or eccentric exercise alone recovered 

quadriceps strength better than individuals that received just the NMES therapy or the 

standard of care following ACL reconstruction. Importantly, the combined intervention and 
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eccentrics-only were capable of restoring levels of quadriceps activation and strength similar 

to those of healthy adults.

4.1 Quadriceps activation

The eccentric exercise therapy, not NMES, was the driving factor behind improvements in 

quadriceps activation post-ACL reconstruction (Table 2). This is a novel finding, and to our 

knowledge, this is the first study to directly compare these treatments. Our data agree with 

previous research performed by Brasileiro and colleagues [23] wherein improvements in 

quadriceps activation, measured via EMG, was found after six weeks of eccentric exercise 

post-ACL reconstruction and correlated with gains in quadriceps strength. As such, eccentric 

exercise seems to be an effective therapy that is capable of combating QAF, which aids in 

the restoration of quadriceps strength, better than NMES alone post-ACL reconstruction.

Our measure of quadriceps activation, assessed via the superimposed burst technique, 

indicates that there is an improvement in an individual's ability to volitionally utilize their 

quadriceps muscle, possibly occurring through improved alpha motorneuron recruitment 

and/or firing [32]. However, the CAR does not directly measure alpha motorneuron pool 

excitability[34], as such, the mechanisms leading to greater volitional activation post-

eccentrics are unknown. Eccentric exercise is capable of improving quadriceps activation 

through selective recruitment of Type II muscle fibers [35]. Given that Type II fibers are 

thought to be selectively inhibited post-ACL reconstruction [36, 15], it seems plausible that 

eccentrics may improve the ability volitionally recruit the inhibited portions of the 

quadriceps, resulting in improved activation and greater force production.

Our results illustrate that NMES-only therapy produced a change in quadriceps activation 

similar to the STND group (Table 2). Given that previous research has shown NMES to be 

more effective than exercise alone at improving QAF [29, 26, 27], we had expected NMES 

patients to perform better than those receiving the standard of care. Furthermore, given that 

our NMES intervention was based on protocols that have improved quadriceps function in 

ACL reconstructed individuals previously [29, 27] and that all our patients were able to 

receive this therapy at maximal tolerance and in many instances at the equipment's maximal 

stimulus capacity (100 milliamps, Appendix B), this result was unexpected. Though many 

studies have found that NMES has a positive effect on quadriceps activation [19], there are 

some similar to ours demonstrating that NMES does not provide any additional benefits to 

quadriceps function above traditional exercise [37, 38]. We contend the disagreement in the 

literature in part exists due to the equipment utilized to deliver the NMES treatment. 

Specific to our study, the Intelect Legend XT was not powerful enough to override and 

recruit the inhibited alpha motoneurons despite being delivered at maximal output. In 

clinical trials, where NMES has been found to be effective, the VersaStim 380 and Empi 

300 PV electrical stimulators (VersaStim 380, Electro-Med Healthy Industries, Miami 

Florida; Empi 300 PV, Empi, St Paul, MN) have been utilized [39, 40, 29, 27]. These 

devices are capable of producing significantly more stimulus output then the device we 

used. For instance, at maximal output (100 milliamps), our equipment was only capable of 

generating a training intensity of ~44% of the MVIC on the ACL reconstructed limb 

(Appendix B). In contrast, others have found that the VersaStim is capable of generating 
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actions up to ~70% of the non-injured limb [40]. Thus, clinicians utilizing NMES to improve 

quadriceps activation may need to employ devices capable of generating high stimulus 

intensity (200 milliamps), which tend to be greater than the typical clinical electrical 

stimulation unit is able to deliver. Notably, the production of both the VersaStim 380 and 

Empi 300 PV have been discontinued and we are unaware of another device with similar 

stimulation capabilities to these units, which have proven beneficial post-ACL 

reconstruction.

4.2 Quadriceps strength

It is clear that eccentric exercise was the driving factor behind improvements in quadriceps 

strength, given that patients exposed to this therapy recovered quadriceps strength better 

than NMES-only or the standard of care post-ACL reconstruction (Table 3). Furthermore, 

patients that received eccentric treatments were able to restore quadriceps strength to pre-

intervention levels (or better) and did not exhibit any strength differences when compared to 

healthy adults (Table 3). Taken together, these results suggest that eccentrics are an effective 

therapeutic approach to combating post-operative quadriceps strength deficits. Importantly, 

this finding is in agreement with previous research conducted in ACL reconstructed 

populations wherein eccentrics was found to be a superior strength training method as 

compared to concentrics [24, 25], and can last up to one year post-surgery [25]. From a 

clinical perspective, this is an significant finding, as quadriceps weakness is a factor that 

contributes to joint degeneration [5], leads to reduce knee function [41] and quality of life 

[42] post-ACL reconstruction.

4.3 Relationship of quadriceps activation and strength

Changes in quadriceps activation were found to positively influence the recovery of 

quadriceps strength, however, the relationship between these two variables was relatively 

low (Figures 4 and 5), suggesting that other mechanisms to improve strength were likely at 

work. Based on previous work in ACL reconstructed individuals [25, 23], and the proposed 

mechanisms of eccentrics exercise, it seems plausible that changes in quadriceps 

morphology may have contributed to changes in quadriceps muscle strength. Although 

alterations in muscle architecture and volume were not measured in our study, previous 

authors have found significant improvements in quadriceps muscle volume post-ACL 

reconstruction [25, 22]. Other morphological changes that may have aided in the restoration 

of quadriceps strength included differences in muscle architecture, such as a change in the 

angle of pennation, fiber length and possible sarcomeres adaptations [43]. In rats, eccentric 

exercise has been shown to increase the number of sarcomeres in a series [44], as well as 

decrease myostatin levels [45]. Myostatin is a protein that inhibits muscle growth, and has 

recently been found to be elevated in human quadriceps muscle following ACL 

reconstruction [46].

4.4 Limitations

This study is not without limitations. First, ACL patients enrolled in this study had a variety 

of graft types and concomitant meniscal injuries that in some cases required surgical 

intervention (Table 1). Based on our sample size, we are not powered to consider these 

variables as factors that may have affected the recovery of quadriceps function. Data 
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emerging from our lab indicates that concomitant meniscal surgeries (meniscectomy or 

meniscal repair) does not affect the post-operative recovery of quadriceps strength or 

activation [47]. However, it is unclear whether or not graft type influences postoperative 

quadriceps strength, as the current literature reports inconsistent results. Thus, future 

investigations should continue to take graft type into consideration. It is also important to 

note that the leg press device that we utilized to deliver the eccentric treatment in this 

investigation is unique, and therefore is not a readily available clinical tool. Lastly, going 

forward, it is ideal for these treatments to be evaluated using a randomized control trial. 

Although no pre-operative differences in quadriceps function were detected, suggesting our 

study did not suffer from selection bias, to determine the true clinical effect, larger sample 

sizes and patient randomization is needed.

4.5 Clinical recommendations

Based on these results, our recommendation is that clinicians consider utilizing eccentric 

exercise as a means to improve quadriceps activation and strength post-ACL reconstruction. 

From a patient perspective, the utilization of eccentrics post-reconstruction to improve 

quadriceps function may be an attractive alternative to NMES, given that this type of 

intervention can be easily delivered (two treatment per week for six weeks), is safe, and is 

well tolerated by patients. In comparison, in order for NMES to be beneficial it must be 

delivered at high intensities (that may not be achievable by all clinical units) that are often 

uncomfortable and may reduce patient compliance. With that, it is important for therapists to 

consider the devices and time in which they decide to initiate the eccentric-strengthening 

program post-reconstruction. Our work utilized a closed kinetic chain device, which 

afforded us the ability to initiate an early post-operative intervention given that the potential 

for strain on the ACL graft was reduced as compared to an open-chain device [48]. In 

addition to these factors, the intensity of the treatment and dose is another important clinical 

consideration. Our work indicates that 6-weeks of eccentric strengthening (12 treatments in 

total) is adequate to produce prolonged strength gains. Further, we encouraged our patients 

to train at, or above 60% of their one repetition maximum.

5. Conclusion

Eccentric exercise post-ACL reconstruction was found to positively improve quadriceps 

activation and strength. Changes in quadriceps activation were positively related to changes 

in quadriceps strength, suggesting that by removing QAF, quadriceps strength should 

improve. NMES was not found to improve QAF or strength post-reconstruction. The 

inability of NMES to improve quadriceps muscle function may be the result of an inability 

to generate powerful muscle actions due to device limitations and post-operative pain. 

Importantly, when compared to healthy individuals, patients that were exposed to eccentric 

exercise were capable of restoring healthy levels of quadriceps activation and strength, 

whereas deficits in these measures still persisted for individuals not exposed to eccentric 

exercise.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Eccentric exercise restored levels of quadriceps function that were better than 

NMES.

• Eccentrics are attractive alternative to NMES, as it is easily delivered, safe and 

well tolerated.

• We report preliminary results of therapies that positiviely influence quadriceps 

function.

• To determine the true clinical effect, larger sample sizes and patient 

randomization is needed.
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Figure 1. 
Transparent Reporting of Evaluations with Nonrandomized Designs (TREND) diagram. 

NMES= neuromuscular electrical stimulation, RTP=return-to-play.
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Figure 2. 
Study testing timeline. Upon confirmation of ACL rupture, ACL patients were place into 

one of four groups. Prior to ACL reconstruction, all ACL patients underwent a pre-operative 

testing session consisting of quadriceps muscle strength and activation measurements. ACL 

patients in the combined NMES and eccentric exercise (N&E) and NMES (N-only) groups 

began the 6-week NMES therapy protocol immediately post-surgery. At six weeks post-

operative, the N&E and eccentric (E-only) groups began the eccentric strengthening 

program. Patients in the standard of care (STND) group did not receive either intervention. 

Quadriceps strength and activation measurements were collected again at 12-weeks post-

surgery as well as return-to-play. Healthy participants participated in only one testing 

session (return-to-play) where quadriceps activation and strength were measured.
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Figure 3. 
Patient receiving the NMES treatment (A) and performing the eccentric leg press (B).
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Figure 4. 
Pre-operative-to-12-weeks post-surgery percent change in quadriceps activation plotted 

against percent change in quadriceps strength (P=0.02)

Lepley et al. Page 18

Knee. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Pre-operative-to-Return-to-Play percent change in quadriceps activation plotted against 

percent change in quadriceps strength (P=0.03).
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