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weakness ranging from 6% to 18%> as
late as 1 to 6 years following reconstruc-
tion. Ernst et al® further demonstrated
that persistent lower extremity compen-
sations exist following ACL reconstruc-
tion and adversely affect single-limb
performance, including vertical jump

ostoperative weakness, muscle atrophy, and impaired knee
function are common following anterior cruciate ligament
(ACL) reconstruction. During the first 4 weeks after surgery,
significant quadriceps strength deficits, when compared to
the contralateral limb, have been reported.?*** Although knee stability
is significantly improved, long-term outcomes report knee extensor
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U Systematic literature review.

O To perform a systematic review of
randomized controlled trials assessing the effects
of neuromuscular electrical stimulation (NMES)
on quadriceps strength, functional performance,
and self-reported function after anterior cruciate
ligament reconstruction.

L Conflicting evidence exists

regarding the effectiveness of NMES following ante-

rior cruciate ligament reconstruction.

U Searches were performed for
randomized controlled trials using electronic
databases from 1966 through October 2008.
Methodological quality was assessed using the
Physiotherapy Evidence Database Scale. Between-
group effect sizes and 95% confidence intervals
(Cls) were calculated.

U Eight randomized controlled trials
were included. The average Physiotherapy Evidence
Database Scale score was 4 out of possible maxi-
mum 10. The effect sizes for quadriceps strength
measures (isometric or isokinetic torque) from 7
studies ranged from -0.74 to 3.81 at approximately

6 weeks postoperatively; 6 of 11 comparisons were
statistically significant, with strength benefits favor-
ing NMES treatment. The effect sizes for functional
performance measures from 1 study ranged from
0.07 to 0.64 at 6 weeks postoperatively; none

of 3 comparisons were statistically significant,

and the effect sizes for self-reported function
measures from 1 study were 0.66 and 0.72 at 12 to
16 weeks postoperatively; both comparisons were
statistically significant, with benefits favoring NMES
treatment.

O NMES combined with exercise
may be more effective in improving quadriceps
strength than exercise alone, whereas its effect on
functional performance and patient-oriented out-
comes is inconclusive. Inconsistencies were noted
in the NMES parameters and application of NMES.

O Therapy, level la-.
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O ACL, electromodality, postsurgi-
cal knee rehabilitation, randomized clinical trials

takeoff and landing. Other investiga-
tors'? found that patients following ACL
reconstruction who had knee extensor
strength less than 80% of the contralat-
eral side had gait kinematics similar to
patients with ACL-deficient knees. In the
same study, patients with knee extensor
strength greater than 90% of the contral-
ateral limb demonstrated gait kinemat-
ics similar to healthy individuals without
ACL injury.’? A clear challenge for the
rehabilitation specialist treating patients
who have undergone ACL reconstruc-
tion is the resolution of the quadriceps
strength deficit through the safest and
most expeditious means available.
Neuromuscular electrical stimula-
tion (NMES) applied to the quadriceps
is used in the clinical rehabilitation of
quadriceps weakness following ACL
reconstruction.” Some investigators
initiate NMES on the third postopera-
tive day* and continue through week 47
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and even through the 12th postoperative
week.?! The primary outcome of NMES
treatment is to restore and improve
quadriceps function. Investigators have
referred to the clinical condition treated
as quadriceps weakness,” or the rationale
to treat as to influence the recovery of
the quadriceps muscles? or the preven-
tion of muscular weakening.? Others
have described the expected effect of the
treatment as a contraction of sufficient
intensity to reeducate the quadriceps
muscles or retard muscular atrophy."
Thus, in spite of the variable terminology
used across studies, the clinical rationale
is similar, in that stimulation may aid in
restoration or enhancement of quadri-
ceps strength and could be assessed by
isometric or isokinetic dynamometry.
The intended use of NMES in this re-
view can be operationally defined as its
impact upon quadriceps strength, func-
tional performance, and self-reported
function. Electrodes are placed over the
vastus medialis near the knee and on the
proximal thigh over the vastus lateralis
in several studies,?***?>27 and other stud-
ies report placement over the femoral
nerve proximally and vastus medialis,’
or even both the quadriceps and ham-
strings simultaneously.®*® A wide variety
of electrodes have been used, consisting
of carbon rubber reusables® to self-ad-
hering electrodes? of varying sizes.?*26:2
The intensity of contraction in random-
ized controlled trials (RCT) has been
previously reported to be administered
at a patient’s maximally tolerable lev-
€].6192627 Treatment times and durations
vary from 30 minutes® to 10 hours per
day' or by performing 15 repetitions6-2
over a daily or every-other-day regimen.
The variability in NMES parameters
may have an impact on the clinical out-
comes of treatment and exacerbate the
challenges of clinicians seeking effective
treatments for patients following ACL
reconstruction.

The NMES intervention has been pro-
posed to help restore quadriceps strength
by facilitating recruitment of the muscle
that may be inhibited by pain, effusion, or
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282 studies excluded based on

301 studies identified

A 4

19 studies retrieved for

A 4

title and abstract

further evaluations for
inclusion

12 RCTs identified

15 RCTs for review

\ 4

7 non-RCTs (reviews, CPG, Cochrane)

3 additional RCTs identified
through cross-references

7 RCTs251316212627 excluded
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due to lack of randomization or
outcome reports with means and SDs

Final 8 RCTs67:9.20,24,25,28,31
considered for review

standard deviation.

FIGURE 1. Study selection. Abbreviations: CPG, clinical practice guideline; RCT, randomized clinical trial; SD,

knee trauma. This phenomenon has been
referred to as arthrogenic muscle inhibi-
tion and often results in atrophy.” The in-
hibition is suspected to delay the return
of quadriceps strength after ACL recon-
struction, and NMES is targeted directly
at improving strength and minimizing at-
rophy.! However, the magnitude of any
clinical benefit of NMES on knee exten-
sor strength, functional performance, or
other patient-specific outcomes following
ACL reconstruction is presently unclear.

Contradictions and inconsistencies
on the effectiveness of NMES versus ex-
ercise®® for patients following ACL re-
construction exist in the literature, and
further review is warranted to clarify any
clinical benefits of this intervention. Pre-

vious systematic reviews on this topic have
provided insight into the reported effects
of NMES?*?? and have made suggestions
for future research; however, no systemat-
ic review has compared the relative effect
sizes (ESs) of between-group differences
following a course of NMES for quadri-
ceps strength, functional performance, or
self-reported function. Our primary pur-
poses were to summarize the outcomes
of NMES versus control treatments by
calculating the ESs and associated 95%
confidence intervals (CIs) for the out-
come measures of (1) quadriceps strength,
(2) self-reported function, and (3) func-
tional performance, as well as to present
evidence-based clinical recommendations
and suggestions for treatment parameters
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SUMMARY RESULTS
PEDro NMES NMES Control
Author Scores NMES  Control Intervention Control Intervention Outcome Measure (Mean =+ SD) (Mean =+ SD)
Sisk? 4 10 9 NMES + EX EX Isometric (Nm) 073 = 041* 070 = 0.30*
Delitto® 4 10 10 NMES EX Isometric (ft-Ib) 1140 + 41.0* 84.0 = 20.0*
Wigerstad-Lossing™ 4 13 10 NMES + EX EX Isometric (Nm) 90.0 = 90* 570 + 9.0*
Draper’ 4 15 15 NMES + EX EMG Biofeedback + EX Isometric (ft-Ib) 379 + 12.4* 46.4 + 10.5*
Snyder-Mackler® 5 5 5 NMES + EX EX Isokinetic (Nm)
210°/s (avg torque) 46.8 = 6.0t 26.6 = 4.5
90°4 (avg torque) 65.8 = 10.8 36.8 + 6.5
210°/ (peak torque) 114.8 + 210t 63.6 = 113
90°4 (peak torque) 95.2 = 14.4f 56.4 = 114
Paternostro® 4 16 17 NMES + EX TENS + EX, EX only Isometric (Nm) 108.8 + 55.3f 814 + 322t
Isokinetic (Nm)
60°/ (peak torque) 776 + 452t 577 + 232t
Ross* 3 10 10 WB EX + NMES WB EX Lateral step-up test 1765 + 5.36 1435+ 49
Anterior reach 5875 = 738 58.3 + 478
Unilateral squat 7055 +1846  64.48 +15.36
Fitzgerald® 6 21 22 NMES EX Isometric (Quad Index) 759 = 16.8* 670 + 199*
Self-reported function (12 wk) ~ 89.2 = 89¢ 822 =104+
Self-reported function (16 wk) ~ 91.05 + 7.3¢ 86.4 + 8.2¢
Abbreviations: Avg, average; EMG, electromyography; EX, therapeutic exercises; fi-lb, foot-pounds; Nm, Newton meter; NMES, neuromuscular electrical
stimulation; PEDro, Physiotherapy Evidence Database scale; Quad Index, quadriceps index; TENS, transcutaneous electrical nerve stimulation; WB, weight
fﬁ?ﬁim knee extension torque.
" Isokinetic knee extension torque at various testing angular velocities.
* Self-reported measures of knee function at 12 and 16 weeks following ACL reconstruction.

in the use of NMES in patients following
ACL reconstruction.

METHODS

Search Strategy

EARCHES WERE PERFORMED

IN ELECtronic databases using

PubMed, CINAHL, SportDiscus,
Web of Science, and Cochrane Collabo-
ration from 1966 through October 2008,
with key search terms ACL, anterior cru-
ciate ligament, ACL reconstruction, an-
terior cruciate ligament reconstruction
AND electrical stimulation, neuromus-
cular electrical stimulation, Russian
electrical stimulation, NMES, quadri-
ceps weakness, and knee rehabilitation.
Language limits were set to include only
English-language articles. Research de-

sign for inclusion was limited only to
RCTs with human subjects. Pertinent
studies were cross-referenced to identify
articles that met inclusion criteria but
were not located during the original da-
tabase search.

The search strategy is depicted in FIG-
URE 1. Searches from the databases iden-
tified 301 articles. Twelve RCTs met the
inclusion criteria, while 289 studies were
excluded based on title, abstract, or con-
tent. There were an additional 3 RCTs
identified from the cross-referencing
of a previous literature review,1718:22:32
a clinical practice guideline,! and a
Cochrane-collaboration protocol, for a
total of 15 RCTs. Further assessment ex-
cluded 6 of the 15 RCTs; 1 did not have
true randomization'® and 5 studies did
not present group means and standard

deviations.>* One additional RCT did
not compare NMES to a comparable
treatment.”! Eight RCTs were ultimate-
ly included in our review. The details of
these 8 RCTs are found in TABLE 1 and
TABLE 2.

Selection Criteria

RCTs were initially included for assess-
ment if they evaluated the effects of reha-
bilitation programs that utilized NMES
in isolation (or in combination with exer-
cise) following ACL reconstruction upon
the variables of interest, which were quad-
riceps strength, self-reported function, or
functional performance. Included studies
had to report means, standard deviations,
and sample sizes to allow for calculation
of Cohen’s d ES and 95% CI. The RCTs
included were required to describe a com-
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SUMMARY OF NEUROMUSCULAR ELECTRICAL STIMULATION TREATMENT PARAMETERS

Treatment Treatment Follow-up
Author Frequency Pulse Width Duty Cycle Intensity Course* (Duration) Sessions’ Time#
Sisk?® 40 Hz 300 ps 10 s on, 30 s off MTL 1st-6th wk (6 wk) 38 7th wk
Delitto® 50 Hz 400 ps 155 on, 50 s off MTL 2nd or 3rd-6th wk (3 wk) 15 6th wk
Wigerstad-Lossing™ 30 Hz 300 ps 6son, 10 s off 65-100 mA 1st-6th wk (6 wk) 18 6th wk
Draper’ 35Hz N/A 10 s on, 20 s off MTL <50 mA 1st-6th wk (6 wk) 105 6th wk
Snyder-Mackler?® 75 Hz 400 ps 155 on, 50 s off MTL 3rd-6th wk (4 wk) 12 6th wk
Paternostro® 30 Hz 200 ps 5son, 155 off MTL 1st -6th wk (6 wk) 38 6th wk
Ross? 50 Hz 200 ps 155 0n, 35 s off MTL 1st-6th wk (6 wk) 26 6th wk
Fitzgerald® 75 Hz 400 ps 10 s on, 50 s off MTL 3rd-14th wk (11 wk) 21 12th-16th wk

Abbreviations: Hz, hertz; MTL, maximally tolerated level; N/A, not available.

* Start and end of treatment in the postoperative weeks.

t Estimated number of treatment sessions (treatments a week multiplied by the number of weeks).
* Time point after anterior cruciate ligament reconstruction when outcome measures were taken.

parison group that did not receive NMES
but performed quadriceps strengthening
exercises in isolation (or in combination
with other treatment, such as biofeed-
back using electromyography).

Assessment of Methodological Quality
The quality of each study included was
independently assessed by 2 reviewers
using the Physiotherapy Evidence Data-
base (PEDro)™ scale, which is based on
a 0- to 10-point scale, with the higher
scores reflecting higher-quality studies.

Data Extraction

Two reviewers independently performed
the data extraction with regard to study
design, intervention, and baseline and
outcome measures using standardized
forms. One reviewer was a physical
therapist with 11 years of clinical experi-
ence and the other was an athletic train-
er with 4 years of clinical experience.
Both were equally trained in assessing
quality of evidence using PEDro crite-
ria in a postgraduate doctoral program.
Outcomes of interest were quadriceps
strength, as expressed by isometric or
isokinetic torque, functional test perfor-
mance, as expressed by a score on a clin-
ically reproducible functional test of the
lower extremity, and self-reported lower
extremity function, as quantified by a
questionnaire completed by the patient.

Following independent review of RCTs,
both reviewers discussed and verified
results. Disagreements were openly dis-
cussed and resolved, with any remaining
disagreements further discussed with 2
other experienced authors involved in
the review process. Finally, the param-
eters of NMES treatment were collected
from each RCT and summarized. In ad-
dition, NMES treatment volume, dura-
tion, and follow-up times were estimat-
ed for each study. Treatment volume was
estimated by multiplying the number of
treatment sessions over the entire course
by the number of treatments per week.
The treatment duration included the
start and end of treatment in the post-
operative weeks, and follow-up times
for the outcome measurements were
identified in the time point following
ACL reconstruction at which outcome
measures were taken following the treat-
ment course.

Data Analysis

To evaluate the rehabilitative effects of
NMES on quadriceps strength, self-re-
ported function, and functional perfor-
mance, Cohen’s d ES and 95% CI (based
upon pooled standard deviations) were
calculated between the outcome measures
of the NMES training group and the con-
trol group at each reported follow-up pe-
riod. The strength of ES was interpreted

using the guidelines described by Cohen,*
with values less than 0.2 interpreted as
weak, from 0.21 to 0.8 as moderate, and
more than 0.8 as strong. No meta-analy-
sis was performed due to the heterogene-
ity of the quadriceps strength outcomes
measurement method (isokinetic versus
isometric), variable treatment param-
eters utilized, and variable treatment
durations. Data regarding functional
performance and self-reported outcomes
were selected from 1 RCT, respectively,
and thus could not be pooled.

RESULTS

PEDro Score

HE 8 RCTs INCLUDED IN THIS

systematic literature review had a

mean PEDro score of 4.3, with a
range of 3 to 6 and a mode of 4 (TABLE 1).
The authors were blinded to the scores
posted on the PEDro database prior to
scoring of the included RCTs. All RCTs
had random allocation to treatment
group, whereas none of them concealed
the allocation. Only 1 RCT*! had baseline
data from patients prior to their ACL
reconstruction included in the study. Two
RCTs®¥ used blinded assessors, while no
RCTs blinded subjects and therapists. All
RCTs reported outcome measures for be-
tween-group comparisons with measures
of variability.
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FIGURE 2. Isometric and isokinetic knee extension strength outcomes. Data are effect sizes calculated from group
differences, and their 95% confidence intervals in parentheses. The corresponding study reference number is
indicated next to the parentheses. Abbreviation: NMES, neuromuscular electrical stimulation.
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|
FIGURE 3. Functional performance test outcomes. Data are effect sizes calculated from group differences and
corresponding 95% confidence intervals from Ross et al.* Abbreviation: NMES, neuromuscular electrical stimulation.

Treatment Parameters

Treatment parameters and follow-up
times were collected from 8 RCTs, in-
cluding NMES parameters and treat-
ment duration and number of sessions
(TABLE 1). Each RCT presented a variety
of variables in terms of NMES param-
eters. The major parameters associated
with NMES, such as frequency, phase
duration, duty cycle, and intensity, were
consistently reported. Most studies used
a similar subjective level of treatment in-
tensity that was set at the patient’s maxi-

mally tolerated level, whereas 1 study*
used an objective quantifiable measure
of intensity as expressed as a percentage
of maximal voluntary isometric contrac-
tion of the uninjured limb. Overall, there
was no consistent parameter set up for
NMES across all RCTs.

The treatment duration for all 8 RCTs
ranged from 3 to 11 weeks, with a mean
of 6 weeks. One RCT? extended the treat-
ment up to the 14th postoperative week.
The number of treatment sessions over
the entire course ranged from 12 to 105

sessions, with a mean of 34. One RCT”
had substantially more treatment ses-
sions (105) than the other RCTs (mean,
24 sessions). Most RCTs had 1 follow-up
for outcome measures, which occurred
immediately after the end of the treat-
ment course.

Strength Outcomes

ESs for quadriceps strength outcomes
were obtained from 7 of 8 RCTs679:20,24.28,31
and consisted of 11 between-group com-
parisons (NMES alone or NMES in com-
bination with exercise versus exercise
alone or in combination with another
treatment) shown in FIGURE 2. Six of the
11 comparisons (55%), representing the
results from 3 studies,??*! had mean dif-
ferences and 95% ClIs that favored NMES
treatment over comparable treatments.
Four of the 11 comparisons (36%), rep-
resenting the results from 3 studies,**°*
demonstrated equivocal results, with
95% CIs crossing zero; however, the ES
point estimates favored NMES therapy in
all 4 comparisons. Lastly, 1 comparison’
(9%) favored the comparable treatment
of electromyography biofeedback train-
ing over NMES.” The ES analysis findings
revealed an equal to moderate effect of
NMES upon quadriceps muscle strength
as compared to exercise alone.

Functional Test Outcomes

ESs for functional test outcomes were cal-
culated from 1 RCT. Ross et al?* reported
outcomes on 3 functional tests between
2 groups (n = 10 subjects each) that per-
formed weight-bearing exercise versus
weight-bearing exercise plus NMES. The
tests included the lateral step-up, ante-
rior reach, and unilateral squat. Point
estimates for the ESs all were measured
in favor of the group receiving NMES
(FIGURE 3) versus the weight-bearing ex-
ercise group. The ESs for the lateral step-
up, anterior reach, and unilateral squat
tests were 0.64 (95% CI: -0.26, 1.54),
0.07(-0.8, 0.95), and 0.36 (-0.53, 1.24),
respectively, indicating inconclusive ef-
fects of NMES on these particular test
outcomes.
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Self-reported Functional Outcomes
Patient self-reported outcomes were pre-
sented in 1 RCT. Fitzgerald et al® present-
ed data from the Knee Outcome Survey
activities of daily living scale at 12 and
16 weeks following ACL reconstruction.
This outcomes instrument is a 14-item
questionnaire that assesses general daily
activities and how a patient’s knee condi-
tion affects the ability to perform various
functional tasks. A significant shift favor-
ing NMES was shown in this study, and
ES results are shown in FIGURE 4. The ef-
fect size was 0.72 (95% CI: 0.10, 1.34) for
the 12-week comparison and 0.66 (95%
CI: 0.04, 1.27) for the 16-week compari-
son, indicating a moderate effect favoring
a 4-week NMES treatment regimen.

DISCUSSION

N PATIENTS RECOVERING FROM ACL

reconstruction, NMES in conjunction

with exercise may be more effective
in improving quadriceps strength than
exercise alone, whereas its effects on
patient-oriented outcomes and tests of
functional performance are inconclusive.
Considerable inconsistencies were noted
in the NMES parameter and application
techniques across trials.

Strength Outcomes

Based on the literature, we determined
that NMES in combination with exer-
cise, compared to exercise alone or in
combination with electromyographic bio-
feedback, results in equal to moderately
greater quadriceps strength recovery after
ACL reconstruction. These conclusions
are similar to those of previous literature
reviews by Palmieri-Smith et al¥ and Bax
et al,’ who indicated that NMES with
exercise is more effective than exercise
alone in improving isometric knee exten-
sion strength. Wright et al®? agreed that
NMES could be successful in improving
quadriceps strength when applied early
in the postoperative rehabilitation pe-
riod; however, it is not completely neces-
sary for a successful recovery from ACL
reconstruction. The results of the quadri-

| LITERATURE REVIEW |
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FIGURE 4. Self-reported function outcomes (Knee Outcome Survey activities of daily living scale). Data are

effect sizes calculated from group differences and corresponding 95% confidence intervals from Fitzgerald et al.?
Abbreviation: NMES, neuromuscular electrical stimulation.

Favors NMES

ceps strength ES analysis, combined with
the results of previous reviews,>!92232
suggest that the incorporation of NMES
treatment along with exercise is warrant-
ed in the treatment of patients recovering
from ACL reconstruction and treatment
should be initiated within the first week
and continued through at least the fourth
postoperative week. The 3 RCTs,52%%
which found clear strength increases with
NMES, also reported the fewest number
of treatment sessions (12-18 sessions)
of all the included RCTs in the present
review. This consistent recommenda-
tion regarding quadriceps strength and
NMES across the present systematic re-
view and 3 previous reviews*'**? strongly
suggests that future research to develop
a clinical guideline for the utilization of
NMES following ACL reconstruction is
warranted.

Quadriceps strength outcomes were
deemed inconclusive in 3 RCTs,7202
which had ES point estimates favoring
NMES but 95% CIs that crossed zero.
Interestingly, all of these studies used pa-
tient self-treatment and battery-operated
portable NMES stimulators that delivered
low-levels of electrical stimulation. The
Philadelphia Panel' concluded that no
recommendations could be made on the
effectiveness of NMES in the treatment
of quadriceps weakness and stated that

there is insufficient evidence surrounding
this treatment to justify a clinical prac-
tice guideline. Draper et al’” observed
that NMES produced inferior strength
results compared to electromyographic
biofeedback training. The difference be-
tween the NMES and electromyographic
biofeedback groups was believed to be
due to work effort and overall training
intensity, which favored electromyo-
graphic biofeedback. Sisk et al** reported
that NMES may not provide any additive
benefit to exercise alone when prolonged
treatment is utilized during a period of
cast immobilization. Paternostro-Sluga et
al?° also found no significant differences
between an NMES group and an exercise
group. This lack of difference was attrib-
uted to high preoperative strength of both
groups, a short immobilization period,
and an intensive postoperative rehabilita-
tion regimen. Risberg et al?? believed that
the wide variability in results across trials
using NMES was likely due to the variety
of parameters utilized across those trials,
a point which the current review sup-
ports. From this evidence, it appears that
multiple factors which include a patient
self-treatment regimen with a portable
NMES stimulator may not provide ben-
efits in quadriceps strength outcomes fol-
lowing ACL reconstruction. The intensity
of stimulation with a battery-operated
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stimulator, as well as patient compli-
ance, raises questions on the effectiveness
of home NMES units in the treatment
of postoperative quadriceps weakness.
Overall, 3 studies®*®?' that favored
NMES for quadriceps strength outcomes
had, relatively, the shortest treatment
durations (mean, 4.3 weeks) and num-
ber of sessions (mean, 15). However, an
increase in treatment volume may not
result in improved quadriceps strength.
One study’ favoring electromyographic
biofeedback over NMES had substan-
tially more treatment sessions (105) than
those of the other 3 studies®?*% (average,
33 sessions), all of which were inconclu-
sive on the effectiveness of NMES.

Functional Test Outcomes

NMES appears to result in no added
benefit to weight-bearing exercise for
functional performance tests in patients
post-ACL reconstruction. Only 1 RCT**
reported outcomes of functional test
scores using the anterior reach, unilater-
al squat, and lateral step-up tests. Other
investigators have used hop and triple-
hop tests as measures of functional out-
comes following ACL reconstruction and
found significant differences attributed
to graft selection, with patients receiving
semitendinosus grafts performing better
than those receiving bone-patellar ten-
don-bone grafts.! All 20 subjects of the
study by Ross et al** were treated with a
bone-patellar tendon-bone graft. Ernst
et al® reported that patients at a mean
of 9.8 months post-ACL reconstruction
demonstrated significant lower extremity
compensations from persistent quadri-
ceps weakness during the lateral step-
up and vertical jump tests. Hence, the
results from Ross et al?* may be attrib-
uted to either test selection, graft types,
or early onset of compensatory muscle
strategies that could reduce group dif-
ferences (and improve functional per-
formance) between patients who receive
either NMES or perform weight-bearing
exercises alone. Fitzgerald et al® noted
that a significantly greater proportion of
patients in the NMES group were able

to progress to agility training after 16
weeks of rehabilitation, as compared to
the comparison group at the same point
in time, which suggests that NMES may
affect return to high-level activity fol-
lowing ACL reconstruction.? The single
RCT (PEDro score of 3) included in the
present review does not provide suffi-
cient evidence to indicate that NMES
treatment has a positive or negative
impact upon functional performance
tests used in patients post-ACL recon-
struction. The lack of high-quality RCTs
reporting on functional performance
following ACL reconstruction negatively
impacts this aspect of the current review
by restricting the ability to make defini-
tive claims on the ability of NMES to
impact functional performance. Further
research is warranted to determine the
ability of NMES to affect this outcome
variable.

Self-Reported Functional Outcomes
NMES treatment appears to have a mod-
erate effect upon patient self-reported
function versus comparable treatment.
Fitzgerald et al® published the only RCT
that reported patient outcomes using a
self-report questionnaire like the Knee
Outcome Survey activities of daily living
scale. These ESs were moderate at both
12 and 16 weeks postsurgery. This study
was 1 of 2 included RCTs that had blinded
assessors at follow-up and 1 of 5 that uti-
lized an intention-to-treat analysis. A PE-
Dro score of 6 established this study as the
most methodologically sound RCT includ-
ed in our review. Thus patients post-ACL
reconstruction who received NMES for 4
weeks reported significantly better Knee
Outcome Survey activities of daily living
scale scores at 12 and 16 week postsurgery.
NMES may be beneficial for improving
self-report of function in this popula-
tion, but further research is needed in this
area to draw more definitive conclusions.
Patient-oriented outcomes are a key facet
of evidence-based practice and clinicians
require this information to be included in
alarger amount of RCTs to independently
judge the efficacy of NMES."”

Treatment Parameters

This review revealed inconsistencies in
the NMES parameter selection and ap-
plication of NMES across all RCTs re-
viewed. Differences in treatment times,
duration, frequency of stimulation, type
of stimulator used (portable versus clini-
cal stimulator), and duty cycle existed
across most of the RCTs. High-intensity
electrical stimulation may be the most
beneficial,?® particularly when admin-
istered shortly after surgery®?; however,
other reports suggest that stimulation at
the 50- to 80-Hz frequency may result in
fatigue and patient discomfort and limit
the benefits of NMES.??® Gorgey et al'
also studied the effects of NMES pulse
duration and stimulation duration on
joint torque output and compared 2 dif-
ferent treatment protocols. He suggested
that the protocol with the longer pulse
duration (450 microseconds versus 250
microseconds) resulted in 38% higher
normalized knee extensor torque. How-
ever, this study reported a confounding
effect of the frequency of stimulation.
Ward et al* suggested that stimulation
parameters (particularly the popular
2.5-kHz frequency) commonly used for
muscle strengthening are suboptimal for
achieving their stated goals. He further
indicated that current treatment regi-
mens came about in spite of equivocal
evidence as to their effectiveness. Ward
et al*® investigated the optimal electrical
parameters to yield maximum electrical-
ly induced torque and found that 1.0- to
2.5-kHz frequency, with burst duration of
2 milliseconds (10% duty cycle), elicited
the highest maximum electrically induced
torque in wrist extensors of healthy vol-
unteers. Minimum discomfort was noted
at 4-kHz and 4-millisecond burst dura-
tion. The clinical recommendation from
those results is that a stimulus waveform
of 1.0- to 2.5-kHz frequency alternating
current, with a 2- to 4-millisecond burst,
may yield the best torque output with the
least patient discomfort. These findings
from Gorgey et al® and Ward et al*° pro-
vide information for future clinical trials
that investigate the NMES parameters
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balancing both patient comfort with knee
extensor torque output. However, the
inconsistencies with NMES parameter
selection remain, and the currently avail-
able evidence prevents a specific clinical
recommendation for use of NMES in pa-
tients following ACL reconstruction from
being made.

Recommendations

The present review suggests that the use
of NMES in patients post-ACL recon-
struction is warranted to yield a positive
effect upon quadriceps strength based on
the level of evidence grade 2b from the
Strength of Recommendation Taxonomy
criteria. Compared to exercise alone or
electromyographic biofeedback, NMES
may result in equal to moderately posi-
tive effects on quadriceps strength during
the first 4 weeks postoperatively; howev-
er, variation in NMES application across
studies, the low quality of RCTs, and a
failure to conceal allocation may blunt
the true effect of NMES or overestimate
the results. The best evidence suggests
that 4 weeks of NMES using a clinical
stimulator in conjunction with exercise
therapy can result in a moderate effect in
self-reported patient outcomes at 12 to
16 weeks postoperatively and is recom-
mended for inclusion into postoperative
ACL reconstruction rehabilitation. There
is no evidence to conclude that NMES
has an effect on functional performance
when measured by the anterior reach, lat-
eral step-up, and unilateral squat tests;
however, compensatory lower extremity
movement strategies have been observed
in patients post-ACL reconstruction,
which may require further studies using
additional or different outcome measures.
There is sufficient evidence to show that a
wide variability in the clinical application
of NMES can limit the interpretation of
the available literature to either support
or refute the use of NMES.

Future clinical trials using NMES
should utilize the PEDro criteria as a
method to improve the quality of clini-
cal research. The RCTs included in the
present review suffered from poor qual-

| LITERATURE REVIEW |

ity, which makes it difficult to accurately
interpret the data and make definitive
conclusions. Future trials should ob-
tain baseline preoperative knee exten-
sor torque data, self-reported function,
and functional performance test scores.
Clinicians assessing outcomes should
be blinded to group assignment, and all
point estimates and measures of vari-
ability should be included in the results.
The maximum PEDro possible score for
a RCT involving NMES is estimated to be
8 out of 10, as the treating therapist and
subjects would be difficult to blind due to
the nature of the treatment.

CONCLUSION

HE PRESENT REVIEW SUPPORTS THE

use of NMES in conjunction with

exercise during the first 4 weeks
following ACL reconstruction to improve
quadriceps strength. The effectiveness of
NMES on quadriceps strength was ob-
served with lower treatment volumes
and fewer sessions, an observation that
should warrant further study into the
cost-effectiveness of NMES treatment.
regarding self-reported
outcomes cannot definitively be made,
but the limited existing data suggest
that there may be at least a trivial effect
to, at best, a clinically meaningful ben-
efit on patient-oriented outcomes on
the Knee Outcome Survey. The effect
of NMES upon functional performance
is unconvincing, and the imprecision in
the limited reported results suggest that
a clinically meaningful benefit may or
may not exist based upon both the ES
point estimates and the width of 95%
CIs. Moreover, methodological flaws and
suboptimal parameter selection is likely
to have impacted the results of the RCTs
included in this review. Recommenda-
tions are given for future clinical trials
to improve methodological quality and
NMES treatment parameter consistency.
Further recommendations are made for
development of clinical practice guide-
lines in the application of NMES follow-
ing ACL reconstruction. ®
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