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Abstract

Atrophy and protracted recovery of normal function of the ipsilateral quadriceps 
femoris muscle following anterior cruciate ligament reconstruction surgery 
is well documented. The Accelerated Recovery Performance trainer is a 
type of electrical stimulation device that delivers a high-pulse frequency via 
a direct current, making it unique from many other devices on the market. 
The purpose of the present study was to investigate the effects of the direct 
current (via the Accelerated Recovery Performance trainer protocol) on gains 
in thigh circumference following anterior cruciate ligament reconstruction. 
Twenty-five patients were enrolled following isolated anterior cruciate ligament 
reconstruction and randomly assigned to either an isometric rehabilitation 
protocol augmented with the Accelerated Recovery Performance trainer 
protocol (experimental group) or the isometric rehabilitation protocol alone 
(control group). The two groups participated in sixteen sessions of directed 
rehabilitation over a two-month time period. Patients were followed with serial 
thigh circumference measurements at 5, 10, 15, and 20 centimeters above 
the superior patellar pole. Comparison of the overall mean circumferential 
gains in thigh circumference of the involved leg demonstrated approximately 
3:1 gains in the ARP group over the control group, demonstrating it to be 
superior to isometric rehabilitation alone with regards to gains in thigh girth. 
The Accelerated Recovery Performance trainer protocol should be considered 
for post-anterior cruciate ligament reconstruction rehabilitation in order to 
reverse disuse atrophy of the ipsilateral quadriceps femoris.
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Introduction

Disuse atrophy is a well-established phenomenon that follows 
disease, trauma or surgery of the affected limb. Atrophy of the 
ipsilateral quadriceps femoris (QF) muscle and consequent pro-
tracted recovery of normal function following anterior cruciate 
ligament (ACL) reconstruction surgery is well documented in 
the literature.1-3 Arangio, et al, showed in 33 patients a 1.8% 
decrease in thigh circumference, a 10% decrease in average 

quadriceps torque, and a 8.6% decrease in quadriceps cross-
sectional area by MRI at an average of 49 months post-surgery 
despite aggressive rehabilitation.1 Atrophy of QF following ACL 
reconstruction greatly impedes stability, strength, and recovery 
because QF serves as the primary stabilizer of the knee joint 
during translation.

Current approaches attempting to address muscle atrophy fol-
lowing ACL reconstruction emphasize early post-operative 
motion, full passive knee extension, immediate weight bear-
ing, and closed-kinetic-chain exercises.4 In addition, multiple 
groups have studied the adjunctive use of electrical stimulation 
(ES) in post-operative rehabilitation and have suggested that 
the addition of ES can improve muscle strength and size.5,6 
Delitto, et al, found that ES provides greater isometric strength 
gains than voluntary exercise alone.7,8 The mechanisms for this 
observed increase in muscle strength have been attributed to 
both changes in neural factors and direct muscle hypertrophy.9 
Possible neural factors contributing to QF weakness include 
attenuation of gamma loop 1A afferent fibers.10 ES has been 
suggested to modulate action potentials in both intramuscular 
nerve branches and cutaneous receptors, thus inducing force 
production directly by activation of motor axons and by direct 
reflex recruitment of spinal motor neurons.9,10 Additionally, 
Gondin, et al, noted that simultaneous use of ES during volitional 
isometric exercises served to further improve the efficacy of 
the rehabilitation program. 

The Accelerated Recovery Performance (ARP) Trainer is a type 
of ES device manufactured in the United States by Accelerated 
Recovery Performance Program. Similar to most ES devices, 
ARP’s primary use is for the rehabilitation of musculoskeletal 
injuries in athletes. ARP’s proprietary ES mode has been pro-
posed to deliver a pulse-delivery frequency higher than most 
other devices, allowing supra-physiologic stimulation of muscle 
fibers, capable of producing tetany, if desired. The ability of 
the ARP protocol to achieve a higher pulse-delivery frequency 
may be attributed to the fact that it uses a direct current (DC), 
rather than the alternating current (AC) used by many popular 
ES devices. Direct current may decrease the pain and burning 
sensation felt by the subjects, thus allowing for a greater am-
plitude and frequency. Outcomes for ARP treatment have been 
based primarily on clinical observations during rehabilitation 
of ankle sprains, hamstring injuries, and distal radius fractures 
in elite athletes. The aim of the present study was to investigate 
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how augmenting rehabilitation with the ARP trainer affects thigh 
circumference in patients who underwent ACL reconstructive 
surgery and demonstrated post-operative QF atrophy. 

Methods

Twenty-five patients from a single orthopedic sports medicine 
group with an isolated ACL injury and subsequent surgical 
reconstruction (with autograft or allograft) were included in 
this study and randomly assigned to either the experimental or 
control protocol group based on birth year. All patients completed 
a standard 15-week post-operative physical therapy immedi-
ately prior to beginning the study and demonstrated atrophy 
of their QF as compared to the ipsilateral side. The six female 
and nineteen male patients ranged in age from sixteen to fifty-
four years (mean and standard deviation, 30.76 ± 11.74). The 
experimental group consisted of 9 males and 5 females with a 
mean age of 29.0 years and an age range of 17-51 years. The 
control group consisted of 10 males and 1 female with a mean 
age of 32.9 years and an age range of 16-54 years. Figure 1 
outlines the patient recruitment and randomization process. The 
institutional review board approved the study protocol and all 
patients gave written informed consent.

Pre-intervention thigh circumference was measured at 5, 10, 
15, and 20 centimeters above the superior patellar pole. All 
data including subsequent serial thigh circumference measure-
ments, ARP trainer intensity, and adverse events was collected 
on a Case Report Form during the primary visit and at every 
subsequent session. Each patient received 16 one-hour sessions 
of individual therapy, based on the following protocol, over 
the course of 6 weeks. Following completion of all sessions, 
final thigh circumference measurements were taken at 5, 10, 
15, and 20 centimeters above the superior patellar pole. Thigh 
circumference measurements recorded from both the experi-
mental and control group were analyzed according to t-test for 
statistical significance; a Mann-Whitney Rank Sum test was 
utilized alternatively to analyze the data.

Protocol

The patients who received ARP therapy were managed three 
times a week throughout the entire treatment period with either 
a “heavy” (sessions #1, 3, 4, 8, 9, 13, 14) or a “light” (sessions 
#2, 5, 6, 7, 10, 11, 12, 15, 16) session (Table 1). At the begin-
ning of every session, a brief physical exam was done involving 
inspection of the QF muscle of each leg with specific attention 

Figure 1. Patient Recruitment and Randomization. Twenty-five Patients were Enrolled and 
Randomized to the Experimental or Control Group. All Patients Met Inclusion Criteria. No 
Patients were Lost to Follow-up.



HAWAI‘I JOURNAL OF HEALTH & SOCIAL WELFARE, NOVEMBER 2019, VOL 78, NO 11, SUPPLEMENT 2
43

paid to the relative difference in size of the vastus medialis and 
vastus lateralis. Two electrodes were placed: one over the muscle 
belly of the distal aspect of the vastus medialis, and one over 
the belly of the rectus femoris [5 – 25 milliamps, 15 – 30 volts, 
500 Hz]. Because the ARP trainer can contract the muscle to 
tetany, the dose of ES was titrated by subjective feedback of the 
patient at each session. Under no circumstances was the patient 
subjected to intolerable pain or tetany throughout treatment.

ARP protocol included a combination of steady work (hold-
ing position while resisting gravity) and fast pulses (repeated 
isometric contractions). Background stimulation consisted of a 
pulse frequency of 10,000 cycles/sec and an intensity of 2 – 5 
volts. The patient was instructed to perform each exercise until 
failure for 3 minutes per exercise. Once failure occurred, we 
stopped the clock and allowed the patient to briefly recover 
(<15s), repositioned them, restarted the clock and repeated 
until 3 minutes of total work was performed. 

The patients who were assigned to the control group were also 
managed three times a week throughout the entire treatment 
period with either “weighted” (sessions #1, 3, 4, 8, 9, 13, 14) or 
“physioball” (sessions #2, 5, 6, 7, 10, 11, 12, 15, 16) sessions 
(Table 2). Females started with 5 lbs of weight and males with 
10 lbs. Weights were increased throughout subsequent sessions 
to encourage strengthening. 

After completion of the 16 rehabilitation sessions, outcome 
measures were collected on both the injured limb and the healthy 
contralateral limb. Pre and post treatment thigh circumferences 
served as the primary outcome measures. 

Results

Comparison of the overall mean circumferential gains in thigh 
circumference of the involved leg demonstrated approximately 
300 percent greater gains in the ARP cohort over the control 
cohort. The mean total gain across all data points for the experi-
mental group was 12.293 cm (SD = 2.826), while the control 
group had a mean gain of 4.009 cm (SD = 2.141). There was 
a total difference of 8.384 cm, or a difference of 2.07 cm at 
each measured point, thus the ARP cohort had a gain ratio of 
3.06:1 when compared to the control cohort. The mean gain 
across all measurement data points for both study groups was 
analyzed using a t-test analysis. Validation of the summary data 
passed both the normality test (P = .402) and equal variance test 
(P = .627). T-test analysis resulted in a statistically significant 
t-value of 8.157 and a P-value of < .001. The 95% confidence 
interval for the summary data was 6.258 to 10.510. Power of 
analysis at alpha = 0.05 was 1.000. 

Table 1. Experimental Group “Heavy” and “Llight” Day Protocols.
Patients Participated in the Heavy Day Protocol for Sessions 1, 3, 
4, 8, 9, 13, 14 and Light Day Protocol for Sessions 2, 5, 6, 7, 10, 11, 
12, 15, 16. All Sessions were Augmented for Electrical Stimulation 
Via the ARP Trainer Protocol. 

Heavy Day Protocol
Isometric Rehabilitation ARP Trainer Protocol Sets

Isometric wall squat 3 min/Steady work 1
Isometric lunge (bilaterally) 3 min/Steady work 1
Seated isometric leg extension 3 min/Steady work 1
Rest 5 min/Background Stimulation
Isometric wall squat 3 min/Fast pulse 1
Isometric lunge (bilaterally) 3 min/Fast pulse 1
Seated isometric leg extension 3 min/Fast pulse 1

Light Day Protocol
Isometric Rehabilitation ARP Trainer Protocol Sets

Isometric wall squat 10 sec fast pulse, 
followed by 10 sec steady work 5

Isometric lunge (bilaterally) 10 sec fast pulse,
followed by 10 sec steady work 5

Seated isometric leg extension 10 sec fast pulse, 
followed by 10 sec steady work 5

Rest with background stimulation 5 min

Table 2. Control Group “weight” and “physioball” Protocols. Patients 
participated in the weight protocol for sessions 1, 3, 4, 8, 9, 13, 14 
and physioball protocol for sessions 2, 5, 6, 7, 10, 11, 12, 15, 16. 

Weight Protocol
Isometric Rehabilitation Repetitions/Extremity Sets

Dumbbell front squat 12 3
Dumbbell split squat lunge, bilaterally 12 3
Manual resistance hamstring, bilaterally 3 1
Dumbbell Romanian deadlift, 2 legs 12 3
Dumbbell Romanian deadlift, 1 leg, bilaterally 12 3

Physioball Protocol
Isometric Rehabilitation Repetitions/Extremity Sets

Squat 24 2
Hip twist 24 2
Inchworm 24 2
Leg circles, bilaterally 24 2 
Kickbacks 24 2
Single leg lunges, bilaterally 24 2
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The mean gain at 5 cm for the experimental 
group was 2.864 cm with a standard deviation 
of 0.719, while the control group had a mean 
gain of 0.936 cm with a standard deviation of 
0.622. The difference between the two means 
was 1.928, which was statistically significant, 
t-value 7.056 with a P-value of < .001. The 
95% confidence interval was 1.363 to 2.493.  
Data at 5 cm above the superior patella was 
validated with the normality test (P = .488).

The mean gain at 10 cm for the experimental 
group was 2.950 cm with 25th percentile and 
75th percentile values of 2.700 cm and 3.600 
cm respectively. For the control group, the 
median gain was 1.000 cm with 25th and 75th 
percentile values of 0.350 cm and 1.175cm 
respectively. The difference between the two 
mean values was 1.950, which was statisti-
cally significant. Data at 10 cm failed the 
t-test analysis for normality test (P < .050); 
thus, data analysis proceeded with a Mann-
Whitney Rank Sum test. The Mann-Whitney 
U statistic value was 154.000 and resulted in 
a statistically significant T value of 66.000 
with a P-value of < .001.

The mean gain at 15 cm for the experimental 
group was 3.143 cm with a standard devia-
tion of 0.903. The control group had a mean 
gain of 0.99 cm with a standard deviation of 
0.607. The difference between the two mean 
values was 2.152. The t-test analysis resulted 
in a statistically significant t-value of 6.778 
and a P-value of < .001. The 95% confidence 
interval was 1.495 to 2.809.

At 20 cm above the superior patella, mean 
gain for the experimental group was 2.914 
cm, while the control group had a mean 
gain of 1.245 cm. The data was statistically 
significant (P < .001). Figure 2 demonstrates 
the differences in mean thigh circumference 
between the ARP and control group at the 
final follow-up.

Figure 2. Mean Gain in Thigh Circumference at Final Follow-Up. Mean Thigh Circum-
ference of Bboth the ARP (Experimental) and Control Group at Final Follow-up was 
Ccalculated. The Mean Thigh Circumference in the ARP Group was Three Times 
Greater at All Measured Points han that Seen in the Control Group at Final Follow-up. 
The Differences Between the Two Groups were Statistically Significant (P < .001).

Figure 3. Average Percent Gain in Thigh Circumference. Average Percent Gain in Thigh 
Circumference in ARP (Experimental) Ggroup and the Control Group from the Initial
Evaluation to the Final Follow-up was Calculated and is Demonstrated in the Above 
Graph.

The average percent gain in thigh circumference for the ARP and 
control groups are shown in Figure 3. The average percent gain 
in thigh circumference for the experimental group was 7.38%, 
8.29%, 6.96%, and 5.95% at measurements made at 5 cm, 10 
cm, 15 cm, and 20 cm above the superior patella respectively. 
For the control group, average percent gain in thigh circumfer-
ence was 2.38%, 2.10%, 2.18%, and 2.50% at 5 cm, 10 cm, 15 
cm, and 20 cm above the superior patella respectively.

Discussion

Our study demonstrates that an accepted isometric rehabilitation 
program augmented with the ARP trainer protocol is superior to 
an isometric rehabilitation protocol alone in correcting disuse 
atrophy of the QF after ACL reconstruction. Patients using 
the ARP trainer protocol had a three-times increase in thigh 
circumference compared to the control group. 
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Persistent weakness and disuse atrophy of the QF has been a 
consistent finding after ACL reconstruction. Persistent weakness 
is associated with patellofemoral pain that prevents the patient 
from exercising properly.11 Different physiologic mechanisms 
have been proposed for this phenomenon and have different 
implications on the maximum efficacy that can be expected of 
rehabilitation protocols post-ACL reconstruction. Urbach, et al, 
supported the theory of central nervous system inhibition after 
joint damage by the finding of bilateral voluntary activation 
deficits by twitch interpolation following unilateral injury.12 
Likewise, if weakness is due to voluntary activation failure 
as further suggested by Terese, et al, rehabilitation protocols 
that stress voluntary quadriceps exercise alone may not result 
in a complete recovery of QF muscle strength.13 Because the 
activities of gamma motor neurons can influence alpha motor 
neurons through the gamma loop, a decrease in gamma effer-
ent input caused by loss of joint afferents from the native ACL 
might also explain QF weakness in ACL lesions.10,14-16

 
ES has been used for strengthening especially in cases involving 
immobilization, contraindication to dynamic exercise, patient 
inability to exert muscular force, and as an adjunct to traditional 
voluntary exercise protocols. Several studies used ES to target 
the proposed central mechanism of inhibition.17,18 Dean, et al, 
showed that development of torque through surface ES was 
dependent on a central mechanism and proposed that the evoked 
sensory volley recruited motoneurons in the spinal cord. The 
study also suggested that post-tetanic potentiation increased 
neurotransmitter release from sensory axons through repeated 
stimulation, potentially activating higher threshold motoneu-
rons.18 Powers et al studied high-frequency ES of human upper 
limb muscles and showed that ES of the flexor pollicis longus 
and biceps evoked greater torques than could be attributed to 
direct activation of the motor axons, further indicating that the 
central mechanism was responsible for the development of 
extra torque.19 These studies demonstrated the efficacy of direct 
activation and recruitment of centrally inhibited motoneurons.

Studies have also proposed that the effects of ES are mainly due 
to electroanalgesic properties that facilitate earlier movement, 
QF contraction, and earlier weight bearing than would otherwise 
not be tolerated post-ACL reconstruction.20,21 Other effects of 
ES on physiology have been hypothesized to include: increase 
in muscle fiber size, changes in fiber type composition, and 
prevention of reduction in myofibrillar adenosine triphosphate.11

Multiple studies support ES therapy as effective in preventing 
the degree of atrophy following knee surgery and subsequently 
increasing post-operative muscle function.5,22,23 In contrast, 
however, Anderson, et al, showed that ES therapy showed no 
reduction in volumetric atrophy observed and concluded that 
it was only effective in minimizing strength decreases due 
to immobilization.24 Given the conflicting results, this study 
decided to take a unique approach to solving the problem of 

disuse atrophy: Electrical stimulation delivered by the ARP 
unit was not used to prevent disuse atrophy, but rather, was 
used to restore thigh girth lost following ACL reconstruction. 
 
It is postulated that exercising the QF muscle at maximum 
work intensity results in compensatory hypertrophy, allowing 
the muscle to generate greater force than would be possible 
without ES therapy. Further, it is thought that the use of ES in 
conjunction with isometric or isokinetic exercise can increase 
work intensity and result in increased thigh girth. Yet several 
studies were unable to correlated ES with an increase in QF 
circumference.25-27 Halback, et al, attributed the lack of apparent 
hypertrophy in healthy individuals training with ES to a decrease 
in fat and an increase in muscle. This speculation is shared by 
Nobbs et al, who suggested that training for a longer period 
of time (greater than six weeks) would result in significant QF 
hypertrophy. An increased training time of 8 weeks was used 
by Gondin, et al, which showed a six percent increase in the 
anatomical cross-sectional area of the QF in healthy individu-
als. Additionally, they suggest that ES might be useful in re-
habilitation programs targeting the atrophied QF after periods 
of immobilization.9 This application of ES is supported by our 
findings, which demonstrated an 8.29 percent increase in thigh 
circumference measured at 10 cm above the superior patella 
using the ARP protocol on post-ACL reconstruction patients. 
Furthermore, the ARP protocol allowed for 300 percent greater 
gains in thigh girth in the ARP cohort over the control cohort. 
To our knowledge, no other study has been able to show mean 
circumferential gains of this magnitude.    
  
Our positive results may be attributed to the direct current (DC) 
compounded with high frequency double exponential patented 
background waveform produced by the ARP unit. This unique 
waveform allows for several advantages including limited 
production of inhibitory protective muscle contractions, more 
efficient permeation of the QF and possibly decrease in pain 
associated with electrical current. Many ES apparatuses use 
fast-pulsed AC currents, such as faradic current, which has been 
shown to cause a level of sensory discomfort in patients training 
with ES greater than that experienced by patients performing 
strenuous conventional exercise.28 This discomfort, in the form 
of pain and burning sensation, has been a major limiting factor 
in the amplitude and frequency reached with ES.26 

The results of this study may have a significant impact for 
patients attempting to return to sport. It is well-documented 
that, although cleared, as few as thirty-three percent of patients 
return to competitive sport after ACL reconstruction.29 It has 
been suggested that this is due to persistent symptoms of in-
stability coming from QF weakness and the subsequent fear of 
reinjury.30,31 We wonder whether the appearance of QF atrophy 
may also contribute to athletes fear of reinjury and whether the 
gains in thigh circumference may lead to a higher rate of return 
to sport and/or an earlier return to sport. 
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There were limitations to this study. First, we only used the end-
point of measured thigh circumference. We did not use imaging 
modalities such as computed tomography or ultrasound to assess 
QF atrophy and hypertrophy, so gains appreciated in end-thigh 
circumference were not distinguishable from mass gained due 
to simultaneous increase of subcutaneous tissues as described 
by Halkjaer, et al, and Arvidsson et al.22,32 Second, our study 
was limited by our small sample size. This was mainly because 
this was a single-center study completed within one year. Third, 
our study was randomized, but not blinded to either the patients 
or the administrators. This may have affected the voluntary 
effort of patients in both groups but was unavoidable due to 
logistics of protocol administration. Finally, there was also no 
control for exercise of patients outside of the study. Individuals 
may have experienced gains in size due to activity exclusive 
of the study protocol. Further trials with greater sample size, 
control for physical activity outside of rehabilitation protocol, 
and assessment of pre- and posttest strength of both extremities 
and pre- and posttest imaging assessment should be pursued. 
Additionally, future studies should look at whether the APR 
cohort scores higher on return to sport functional testing and 
whether they have a higher rate of return to sport. 

In conclusion, ES from the ARP trainer can be used to activate 
muscle fibers at frequencies far greater than both the critical 
fusion frequency (the minimum firing rate that produces a te-
tanic response) and the normal firing rate for QF fibers. In the 
present study, this resulted in 3:1 gains in thigh girth in those 
patients receiving post-operative rehabilitation augmented with 
the ARP trainer versus patients who underwent a standard iso-
metric rehabilitation program alone. These findings demonstrate 
an advantage in the use of the ARP trainer protocol to restore 
thigh girth after disuse atrophy following ACL reconstruction. 
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