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Abstract

Purpose Reduced ability to contract the quadriceps mus-
cles is often found immediately following anterior cruciate
ligament (ACL) surgery. This can lead to muscle atrophy and
decreased function. Application of neuromuscular electri-
cal stimulation (NMES) may be a useful adjunct interven-
tion to ameliorate these deficits following ACL surgery. The
purpose of this review was to determine whether NMES in
addition to standard physical therapy is superior to standard
physical therapy alone in improving quadriceps strength or
physical function following ACL surgery.
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Methods A computer-assisted literature search was con-
ducted utilizing PubMed, CINAHL, PEDro and Cochrane
Library databases for randomized clinical trials where
patients after ACL surgery received NMES with the out-
come of muscle strength and/or physical function. Random
effect models were used to pool summary estimates using
standardized mean differences (SMD) for strength outcomes.
Physical function outcomes were assessed qualitatively.
Methodological quality was assessed from the Physiotherapy
Evidence Database (PEDro)-score.

Results Eleven studies met our inclusion criteria; results
from six of these were pooled in the meta-analysis show-
ing a statistically significant short-term effect of NMES
(4-12 weeks) after surgery compared to standard physical
therapy [SMD = 0.73 (95% CI 0.29, 1.16)]. Physical func-
tion also improved significantly more in the NMES groups.
PEDro scores ranged from 3/10 to 7/10 points.

Conclusion NMES in addition to standard physical therapy
appears to significantly improve quadriceps strength and
physical function in the early post-operative period com-
pared to standard physical therapy alone.

Level of evidence 1.

Keywords ACL - NMES - Physical therapy - Muscle
strength - Quadriceps

Introduction

The anterior cruciate ligament (ACL) is the most frequently
injured ligament of the knee [1], and these injuries are
amongst the most common in athletic populations with
nearly 130,000 ACL reconstructions performed in USA
alone in 2006 [27]. An ACL injury can be treated both con-
servatively and surgically with similar results but a lot of
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patients, especially the highly active ones, still choose surgi-
cal reconstruction of the ACL [29]. Criteria for determining
when a patient is ready for return to sport typically include
results from testing muscle strength or thigh circumference,
general knee examination or single-leg hop tests [4, 40].
A recent systematic review shows only 65% return to their
preinjury level of sport and 55% return to competitive level
sport after ACL-surgery [2].

Reduced ability to make voluntary contractions of the
quadriceps muscle is a common problem after knee injury
even though there is no damage to the muscle or innervat-
ing nerve. This condition is often referred to as arthrogenic
muscle inhibition [15, 18, 41, 44]. Muscle weakness after
surgery or injury can partly be explained by atrophy of the
muscle, but also this decreased ability to activate the mus-
cle fibres available [15, 18]. The latter is suggested to be
a protective, reflexive response to alter neural drive to the
surrounding musculature after joint injury, hence preclud-
ing voluntary muscle work and normal function. However,
the exact mechanisms eliciting and controlling quadriceps
inhibition are unclear [15, 44].

Neuromuscular electrical stimulation (NMES) has been
attempted in cases where voluntary muscle contractions
are inhibited after injury or surgery because of its ability
to induce action potentials in the motor nerves and over-
rule inhibition [15, 35, 44] thus making strength exercise
possible. For clinicians working with ACL patients, NMES
could possibly be a useful tool in rehabilitation when tradi-
tional exercises are limited by inhibition. The use of NMES
in ACL rehabilitation to improve quadriceps strength and
physical function has been subject to several randomized
controlled trials (RCTs). Three prior systematic reviews on
this topic [19, 20, 43] have concluded that NMES combined
with exercise may be more effective in improving quadriceps
strength than exercise alone [19, 20, 43], whereas its effect
on functional performance and patient-oriented outcomes is
inconclusive [20] and randomized controlled trials of bet-
ter methodological quality, with adequate sample size and
with at least 12 months of follow-up, are necessary [19].
Several RCTs on the subject have been published since the
most recent included article in these reviews dated from
the year 2003. Therefore, the purpose of this study was to
synthesize current literature on the utilization of NMES to
increase quadriceps strength and physical function com-
pared to standard physical therapy following ACL surgery
and determine treatment effectiveness for the outcome of
strength with meta-analysis.

Materials and methods

This systematic review follows the guidelines of Preferred
Reporting Items for Systematic reviews and Meta-Analyses
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(PRISMA) [28]. A protocol was developed a priori to study
initiation. This protocol was not published.

Data sources and search strategy

Literature searches were performed in PubMed, Embase,
CINAHL and the Cochrane Library from the inception
of each database to January 15 2016 for studies on ACL
rehabilitation with NMES using Medical Subject Heading
(MeSH) terms, free-text terms and the indexing vocabulary
for each database. No limits were set for earliest publication
date. See “Appendix” for entire search strategy. Bibliogra-
phies of previous systematic reviews [19, 20, 43] were also
reviewed for any publications we might have missed. All
citations were imported to one shared EndNote library for
screening and inclusion.

Inclusion and exclusion criteria

To be included studies must be: (1) randomized controlled
trials (RCTSs), (2) the intervention group must have received
NMES as an adjunct to standard physical therapy, (3) the
control group must have received standard physical therapy
without any adjunctive NMES intervention, (4) studies must
consist of patients who have undergone ACL surgery of any
kind, (5) adolescents and adults (aged 13 years or older), (6)
primary outcome measurement of quadriceps or hamstrings
muscle strength measured by isometric or isokinetic torque
output, or physical performance measured by self-report or
through standardized performance tests for muscle strength,
stability or function of the lower limbs (7) and the studies
must be published in English or Norwegian. Studies were
excluded if they (1) were quasi-experimental or observa-
tional, (2) if NMES was not a primary intervention in the
study or (3) if the study involved animal or cadaver testing.

Eligibility, screening and inclusion

Two trained investigators (AVH and LL) screened citations
compared to the inclusions criteria. Abstracts were then
screened against the inclusion/exclusion criteria for inclu-
sion (AVH and MR). If the title or abstract was considered
appropriate by one of the screeners, the article was moved
to the full text review phase. Full texts were reviewed by two
independent investigators (AVH and CS) against the inclu-
sion/exclusion criteria. Disagreements by the investigators
for inclusion were resolved by discussion or a third reviewer.

Data abstraction
Data from the included studies were abstracted by the first

author (AVH) and verified by the fifth author (LL). Data
elements for abstraction were decided on prior to data
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abstraction and included; parameters of the NMES inter-
vention (e.g., frequency, pulse width/duration, intensity
and duty cycle), population characteristics (e.g., age, gen-
der, type of ACL-surgery performed), intervention duration,
training dosage, types of measurements, quality elements
and test results. The authors were attempted to be contacted
in the cases where data elements were not provided in the
article.

Quality Assessment

To assess methodological study quality, the PEDro (Physi-
otherapy Evidence Database) quality assessment scale [33]
was used. This scale utilizes a rating from 0 to 10 and is
considered to be a valid measurement of methodological
quality in RCTs [6] with an acceptable level of reliability
[26]. All studies included in this review had previously
been graded in the PEDro database by certified PEDro
raters. These scores were utilized in our review (Table 1).

Data synthesis

Abstracted data elements were synthesized into tables.
With the parameters synthesis, the stimulation time per
week was calculated and in total based on on-time per
duty cycle, length of each training session and amount of
training sessions throughout the intervention. From these
tables, both qualitative and quantitative analyses could be
provided.

Quantitative synthesis (meta-analysis)

Quantitative syntheses were conducted when 3 or more
studies were identified with the same outcome. DerSimo-
nian and Laird random effect models with inverse variance
weighting [8] were used to create pooled estimates since
these models incorporate both within and between study
heterogeneity into the pooled study confidence interval.
Standardized mean differences (SMDs) were the meas-
ure of effect to account for variability in how the same
outcome was measured by different studies. These SMDs
represent the difference in post-intervention measurements
that are standardized as a per cent of the mean value of
the uninvolved lower extremity. If these means were not
standardized to the uninvolved limb by the study authors,
we standardized them by dividing by the mean score of
the uninvolved limb of the same group, or solely by the
uninvolved limb of the control group if NMES had been
utilized on both limbs in the intervention group. A simple
sensitivity analysis was conducted to determine potentially

influential studies. This was conducted by removing each
study and replacing and examining the overall pooled esti-
mates from each of these models. We used Cochrane’s Q
with associated p value and I to gauge pooled study heter-
ogeneity with >75% to represent high heterogeneity, 50%
to represent moderate and <25% to represent low heteroge-
neity [17]. Potential modifying covariates were abstracted
from included studies in order to examine potential rea-
sons for between study heterogeneity, these included: (1)
stimulation time per week (<50 min/>50 min), (2) time
of intervention start (during first postoperative week/after
first postoperative week), (3) frequency of the current
applied (<50 Hz/>50 Hz), (4) individual items from the
PEDro quality assessment scale, (5) restricted ROM of
the knee during the intervention (No/Yes) and (6) type of
graft (only hamstrings/only patellar tendon). Each of these
covariates was examined in stratified analysis in attempt
to explain heterogeneity.

Qualitative synthesis

When quantitative analyses were not conducted, a qualitative
synthesis was provided individually for each outcome. For
qualitative synthesis, more weight was placed on the results
and our conclusions from higher quality studies. Potential
reasons for why some studies show significant effect and
others do not are described qualitatively by looking for dif-
ferences in the populations, intervention protocols, control
groups and compliance.

Results

The search identified 673 studies for potential inclusion of
which 653 studies were excluded based on title and abstract
screening. The remaining 20 studies went on to full-text
review of which nine studies were excluded due to (1) non-
randomized designs [5, 22, 30] (2) non-relevant outcome of
interest [3, 11, 12], or (3) no control group receiving stand-
ard physical therapy [9, 10, 23]. Eleven studies [7, 13, 14,
16, 32, 34, 36-39, 42] qualified for this review with a kappa
value of 0.79 indicating substantial agreement between
authors (AV and CS) (online appendix), and six [7, 13, 32,
37, 39, 42] studies were included in the meta-analysis. Five
studies were excluded from the meta-analysis with reasons:
(1) not measuring isometric or isokinetic muscle strength
[34], (2) not possible to standardize to uninvolved limb [36],
(3) numbers not available, only graphs [16, 38], and (4) first
follow-up too late compared to standard of 6 weeks [14].
The selection process is illustrated in Fig. 1, and a detailed
description of the reasons for exclusion is available in the
online appendix.
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Table 1 Description of included studies’ population, intervention, control groups, outcomes and study start and duration time

Authors Population Intervention Control Outcome Time (start, duration)

Delitto et al. 19-44 years N=10 N=10 Isometric knee flex/ext 2nd/3rd PO-week
ACLrec NMES + standard Standard 3 weeks
Gender: N/A

Feil et al. 18-55 years N =45 N=44 Isokinetic ext, single- 3rd/4th PO-day
ACLrec NMES (PS) + standard ~ Standard legged jump, shuttle run, 12 weeks
Men and women N =42 Lysholm score

NMES (KH) + standard

Fitzgerald et al. 29.2 +10.1(I) N=21 N=22 Isometric ext, ADLS, mile- 12.2 + 6.7 PO-day
319+ 10.9(C) NMES + standard Standard stones achieved 11 weeks
ACLrec
Men and women

Hasegawa et al. 13-54 years N=10 N=10 Isometric and isokinetic ext, 2nd PO-day
ACLrec NMES + standard Standard Lysholm score 4 weeks
Men and women

Paternostro-Sluga et al. 27.8 +7.1(1) N=16 N=17 Isometric and isokinetic ext. 3rd/5th PO-day
28.6 + 11.3(C) NMES + standard Standard Isokinetic flex. 5.5 weeks
ACLrec/ACLrep
Men and women

Ross et al. 27.1 +4.91) N=10 N=10 Unilateral Squat, Lateral 7th PO-day
28.4 +5.9(C) NMES + CKCh exercise CKCh exercise  step-up, Anterior Reach 5 weeks
ACLrec
Men and women

Sisk et al. 23.4 +7.5(I) N=11 N=11 Isometric ext. 3rd/4th PO-day
23.9+9.2(C) NMES + standard Standard 6 weeks
ACLrec
Men and women

Snyder-Mackler et al. 18-28 years N=5 N=5 Gait analysis, isokinetic 3rd PO-week

(1991) ACLrec NMES + standard Standard flex/ext. 4 weeks

Men and women

Snyder-Mackler et al. 15-43 N =31 N=34 Gait analysis, isometric ext. 1st PO-week

(1995) ACLrec HI-NMES + standard HL-exercise 6 weeks
Men and women N =25
LI-NMES + standard

Taradaj et al. 17-29 years N =40 N =40 Isometric ext. st PO-week
ACLrec NMES + standard Standard 4 weeks
Men
Soccer players

Wigerstad-Lossing et al. 21-45 N=13 N=10 Isometric ext. 2nd PO-day
ACLrec NMES + standard Standard 6 weeks

Men and women

NMES neuromuscular electrical stimulation, ACLrec/rep anterior cruciate ligament reconstructed/repaired. (I), intervention group, (C) control
group, Standard standard rehabilitation, Ext extension, Flex flexion, PO PostOperative, PS Polystim, KH Kneehab, /IKDC International Knee
Documentation Committee (evaluation form), ADLS Activities of Daily Living Scale (self-report), CKCh closed kinetic chain, HI high intensity,
LI low Intensity, HLhigh Level

Population characteristics

The populations across the studies were comparable in age.
Most patients had undergone ACL reconstructive surgery;
one study also included patients after ACL repair surgery
[31]. All studies included both genders except Taradaj et al.
[39] who included only male soccer players, whereas Delitto
et al. [7] did not specify gender in the article. Isometric or
isokinetic strength is the most common outcome measure-
ment, while Feil et al. [13] also tested physical performance
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through shuttle runs and Ross [34] used a variety of tests
for physical performance to evaluate the effect of the
intervention.

Muscle strength

Six of the eleven studies were quantitatively summarized
with the outcome of strength improvement in involved
compared to uninvolved limb. These six were the only ones
that had comparable outcome measures for a meta-analysis,
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Fig. 1 PRISMA flow-chart

namely quadriceps strength in the involved limb as a % of
strength in the uninvolved limb. Consistency in effects was
noted across all six studies included in the meta-analysis
with individual effect estimates ranging from SMD = 0.36
(—0.33, 1.5) to SMD = 2.20 (0.55, 3.84). Figure 2 illus-
trates the individual effect estimates along with an over-
all pooled estimate indicates a significant effect favour-
ing the intervention arm [SMD = 0.73 (0.29, 1.16)] with
significant heterogeneity (I* = 55.4%, Q-p value = 0.047).
Our sensitivity analysis revealed that single removal of
each study resulted in a range of overall pooled estimates
between 0.52 and 0.89 with removal of those studies with
smaller samples sizes contributed to lower overall pooled
estimates.

All included studies provided means for the interven-
tion and control group standardized to the uninvolved
limb or raw values for means of both limbs (Table 2).
Taradaj et al. [39] performed the NMES intervention
on both the involved and uninvolved limb and achieved
strength progress in both, while the other studies only
used NMES on the involved limb. The mean value for the
uninvolved limbs of the control group was therefore used
for comparison since that group had standard physical
therapy. Only one intervention group (Kneehab group) of
Feil et al. [13] was included in the meta-analysis to avoid
skewing the weighting by using the same control group
twice. The Kneehab group of this study was included
since this effect estimate was more consistent with the
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Study

Delitto et al. (1988)

Feil et al. (2011)

Paternostro-Sluga et al. (1999)

Snyder-Mackler et al. (1991)

Taradaj et al. (2013)

Wigerstad-Lossing et al. (1988)

Overall (I-squared = 55.4%, p = 0.047)

NOTE: Weights are from random effects analysis

%
SMD (95% Cl) Weight
Em— 1.94 (0.85, 3.02) 10.90
+ 0.54 (0.1, 0.98) 25.32
-0—— 0.36 (-0.33, 1.05) 18.24
-.—.— 2.20 (0.55, 3.84) 5.79
-+— 0.36 (-0.09, 0.80) 25.00
—0— 0.65 (-0.19, 1.50) 14.74
Q 0.73 (0.29, 1.16) 100.00

-50

T

T T
1 2 4

Fig. 2 Forest plot of studies included in meta-analysis of strength measurement

other published literature. A sensitivity analysis with and
without the Polystim group (with the control group split
to accommodate the three arm design) indicates the inclu-
sion of this group to be a borderline outlier on the main
effect analysis. Most studies performed measurements at
several follow-ups; the measurement closest to 6 weeks
postoperative has been used in Table 2 for comparison
since that was most commonly used. A complete list of
results can be found in the online appendix.

Moderator effects

Several covariates were examined as potential modifiers
of the relationship between NMES and the outcome of
strength. Time of intervention start was identified to be
a significant modifier of the relationship between NMES
and strength gains (Fig. 3). Delitto et al. [7] and Snyder-
Mackler et al. [37] show the strongest effect of NMES
[SMD = 1.94 (95% CI 0.85, 3.02) and SMD = 2.20
(95% CI 0.55, 3.84)], and they both started the interven-
tion after the first postoperative week, while the four
other studies started within the first week after surgery.
Whereas when the estimates from Feil et al. [13], Pater-
nostro-Sluga et al. [32], Taradaj et al. [39] and Wigerstad-
Lossing et al. [42] were pooled it demonstrated a much
weaker effect for NMES [SMD = 0.46 (95% CI 0.19,
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0.73)]. This single moderator explained all of the hetero-
geneity with the main effects pooled estimate. See online
appendix for forest plots of other modifying covariates.

Physical function

Feil et al. [13] and Hasegawa et al. [16] measured self-
reported function using the Lysholm scale, a disease specific
measure of knee function (Table 3). The only group showing
improvement compared to the control group was the Knee-
hab group of Feil et al. [13] p = 0.01. Feil et al. [13] and
Ross [34] tested physical performance through functional
tests. Significantly better results were found in the Kneehab
group in Feil et al. [13] p < 0.001 and Ross [34] found sig-
nificantly better results for Lateral Step-up and Unilateral
Squat p < 0.05 in the NMES group.

Parameters

Table 4 presents the details of the parameters used in the
interventions. The on-time percentage and total on-time in
minutes for the entire intervention and weekly was calculated
from the ratio of on-time to off-time. These numbers vary
greatly from Sisk et al. [36] who report a total of 840 min of
active stimulation (on-time) per week in the NMES group to
Fitzgerald et al. [14] where the NMES group received only
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Table 2 Muscle strength measurement of hamstrings (flexion) and quadriceps (extension)

Authors Outcome measurement Flexion Diff./p value Extension Dift./p value
(time after surgery)
NMES Control NMES Control
Delitto et al. Isometric, % of ul (5/6w) 94.1(4.0) 70.0(11.0) 24.1/<0.05 78.8(14.0) 51.7(14.0) 27.1/<0.05
Feil et al. Isokinetic 90°/s, % of ul ~ (6w) PS 65.7(17.9) 73.1(17.1) —-7.4/0.42
KH 85.0 (26.1) 12.0/<0.001
Isokinetic 180°/s, % of ul (6w) PS 65.6 (20.5) 69.4(18.1) —3.8/0.89
KH 85.2 (24.2) 15.8/<0.001
Fitzgerald et al. Isometric, % of ul (12w) 75.9 (16.8) 67.0(19.9) 8.9/<0.05
Hasegawa et al. Isometric, % of baseline  (4w) 98.8
Not tested ul and num-
bers not available
Paternostro-Sluga et al.  Isometric, % of ul (6w) 62.4(23.2) 56.4(21.0) 6.0/n.s. 69.1 (26.0) 60.7 (21.0) 8.4/n.s.
Isokinetic, % of ul (6w) 51.2(21.6) 47.8(18.1) 3.4/n.s.
Sisk et al. Isometric, torque: weight 0.73(0.41) 0.70(0.30) 0.03/n.s.
7w ul not tested
Snyder-Mackler et al. Isokinetic 90°/s, % of ul ~ (8w)
(1991) Average 68.6(5.1) 74.0(23.3) —5.4/>005 70.1(13.4) 46.7(6.9)  23.4/<0.05
Peak 789 (7.4) 71.2(174) 7.7/>0.05 68.7(12.1) 43.5(8.3) 25.2/<0.05
Isokinetic 210°/s, % of ul (8w)
Average 87.0(18.6) 75.8(17.9) 11.2/>0.05 68.9(10.7) 43.7(6.3) 25.2/<0.01
Peak 84.1(10.7) 72.8(25.0) 11.3/>0.05 71.0(9.6) 46.4(6.3) 24.6/<0.01
Snyder-Mackler et al. Isometric, % of ul (4w) Numbers not available. High intensity NMES reported superior to  /<0.05
(1995) low intensity NMES and high level volitional exercise.
Taradaj et al. Isometric compared to (4-5w) 100.9 (82.3) 75.5(58.1) 25.4/-
control ul®
Wigerstad-Lossing et al.  Isometric, % of ul (6W) 52.3(18.76) 40.4 (17.48) 11.9/-

Method, time of measurement and results

ul uninvolved limb, PS Polystim, KH Kneehab, n.s. not significant, W weeks, Diff difterence

% The control group received NMES-training on both injured and uninjured limb and increased strength in both. We therefore compare to the
uninjured limb of the control group instead of the contralateral limb. SDs were obtained from Taradaj et al. [39] by e-mail contact, other authors
did not respond to our request or we did not find correct contact information

3 min and 20 s of active stimulation per week. The intensity
(amount of milliamperes) of the current used for stimulation
was mostly reported as a qualitative perception of the maxi-
mum “tolerable” or “‘comfortable” intensity with a minimum
requirement of achieving muscle contraction.

Quality assessment

PEDro scores range from 3/10 to 7/10 (Table 4 of online
appendix). None of the studies blinded the therapists or the
subjects, arguing that true blinding is not possible for this
kind of treatment. PEDro quality assessment for blinding
should therefore be interpreted with caution. Only two stud-
ies implemented “intention-to-treat” analysis [13, 14]. Four

studies [13, 16, 32, 39] report that subjects were comparable
at baseline.

Discussion

The principal finding of the present review was a significant
effect of the intervention of NMES in addition to standard
physical therapy treatment compared to the control groups
who received standard physical therapy treatment alone
after ACL surgery. Eleven studies met the inclusion criteria
for the systematic review; six of these were pooled in the
meta-analysis. This is the first systematic review with meta-
analysis to examine the outcome of strength post-ACL sur-
gery when comparing NMES in conjunction with standard
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Study

Late

Delitto et al. (1988)

Snyder-Mackler et al. (1991)

Subtotal (I-squared = 0.0%, p = 0.795)

Early

Feil et al. (2011)

Paternostro-Sluga et al. (1999)

Taradaj et al. (2013)
Wigerstad-Lossing et al. (1988)
Subtotal (I-squared = 0.0%, p =0.918)

Overall (I-squared = 55.6%, p = 0.047)

SMD (95% Cl)

1.94 (0.85, 3.02)
2.20 (0.55, 3.84)
2.01 (1.11, 2.92)

0.51 (-0.01, 1.03)
0.36 (-0.33, 1.05)
0.36 (-0.09, 0.80)
0.65 (-0.19, 1.50)
0.44 (0.15, 0.72)

0.73 (0.28, 1.19)

%
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11.50
6.21
17.71

22.97
18.78
25.18
15.36
82.29

100.00

NOTE: Weights are from random effects analysis

Fig. 3 Forest plot of studies included in meta-analysis of strength measurement, stratified by time of intervention start

Table 3 Self-reported and physical function

Authors Outcome measurement NMES Control Dift/p value
(time after surgery)
Feil et al. Lysholm (6W) PS: 87.45 (8.06) 88.21 (7.61) —0.77/n.s.
KH: 91.39 (4.87) 3.18/<0.01
(12w) PS: 94.03 (5.72) 95.35 (4.66) —1.32/n.s.
KH: 96.15 (3.46) 0.8/n.s.
(24w) PS: 97.45 (3.20) 98.31 (2.82) —0.86/n.s.
KH: 99.06 (2.19) 0.75/n.s.
Fitzgerald et al. ADLS (12w) 89.2 (8.9) 82.2 (10.4) 7.0/<0.05
Hasegawa et al. Lysholm (Preop.) 63.6 (15.5) 59.2 (24.7) 4.4/n.s.
(24w) 96.4 (19.6) 95.2 (10.1) 1.2/n.s.
Feil et al. Shuttle run, sec—baseline (6W) PS: 3.21 (2.60) 2.04 (1.92) 1.17/0.14
(Lower value = better result) KH: 0.06 (3.11) —1.98/<0.001
Single-legged hop, cm (6W) PS:—-34.99 (27.19) —33.25 (27.87) —1.74/0.90
KH: -5.68 (41.21) 27.57/<0.001
Ross et al. Unilateral squat® (6wW) 70.55 (18.46) 64.48 (15.36) 6.07/< 0.05
Lateral step—upb (6w) 17.65 (5.36) 14.35 (4.90) 3.3/<0.05
Anterior reach® (6W) 58.75 (7.38) 58.30 (4.78) 0.45/> 0.05

w weeks, Diff difference, n.s. not significant, PS Polystim, KH Kneehab

# Degrees of knee flexion attained in weight bearing leg

® Max number of repetitions in 15 s

¢ Standing, reaching forward, measured in centimetres(cm)
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Table 4 Parameters of neuromuscular electrical stimulation used by included studies

Authors Hz Pulse width (us) Duty cycle  On-time % On-time total/per Intensity (mA)
Sec on:off  of total week (minutes)
Delitto et al. 50 N/A 15:50 23 56/19 Max tolerable
Feil et al. 50 N/A PS 10:20 33 1200/100 <70
KH 5:10 33
Fitzgerald et al. 75 N/A 10:50 17 37/3 Max tolerable > tetanic
Hasegawa et al. 20 250 5:2 71 280/70 Max tolerable without discomfort, peak
74-107
Paternostro-Sluga et al.  30/50 N/A 5:15 25 308/56 Max tolerable > strong visible contraction
10:50 17
Ross et al. 50 200 15:35 30 189/38 Max tolerable > forceful contraction
Sisk et al. 40 300 10:30 25 5040/840 Max comfortable > palpable contraction
Snyder-Mackler et al. 75 400 15:50 23 45/11 Max tolerable
(1991)
Snyder-Mackler et al. 75/55 300 HI 11:120 8 50/8 Max tolerable
(1995) LI15:50 23 414/69 Max tolerable >50
Taradaj et al. 50 200* 10:50 17 60/15 Strong, visible motion effects, 55-67
Wigerstad-Lossing et al. 30 300 6:10 38 274/46 Max tolerable, 65-100

Hz Hertz (frequency), mA milliampere, us microseconds

 Pulse width was obtained from Taradaj et al. [39] by e-mail contact, other authors did not respond to our request or we did not find correct con-

tact information

physical therapy. Two studies measuring physical function
with standardized tests [13, 34] found significant results
in the NMES group, but little difference between groups
when it came to self-reported function. NMES protocols and
devices utilized varied across studies.

All studies but two [31, 36] found a significant difference
in favour of NMES and standard physical therapy compared
to standard physical therapy alone and the result from this
meta-analysis also favoured NMES, but only three [7, 13,
37] of the six studies showed differences between groups
when assessing strength as a ratio of involved to uninvolved
limb score. The changes from baseline to follow-up may be
significant, but not necessarily compared to the uninvolved
limb. All heterogeneity in the meta-analysis was explained
by stratifying by time of intervention, favouring the studies
where NMES was implemented after the first post-operative
week. This finding differs with the conclusion and ration-
ale of Hasegawa et al. [16] for starting the intervention as
soon as possible after surgery to prevent muscle atrophy and
maintain muscle strength.

Strength measurements after 6 weeks were our outcome
for comparison due to its prevalence in the included studies.
The clinical relevance of a 6-week strength measurement
could be disputed since rehabilitation after ACL recon-
struction usually lasts for six to twelve months [40] and the
between group differences could be equivalent by then. Feil
et al. [13] and Paternostro-Sluga et al. [32] were the only
studies with long-term follow-up at 24 [13] and 52 [32]

weeks (see online appendix for additional strength meas-
urements). Feil et al. [13] reports significantly better results
in the Kneehab group at 24 weeks compared to Polystim
group and control, while Paternostro-Sluga et al. [32] found
no statistical difference amongst groups. Taradaj et al. [39]
reported 100% muscle strength achievement in the involved
limb (compared to uninvolved limb of the control group)
after only four to 5 weeks. Results such as this are not typi-
cally achieved.

Two studies [13, 34] performed standardized tests of
physical performance and found better results in the NMES
groups. Both Hasegawa et al. [16] and Feil et al. [13]
reported greater strength gains in the intervention groups but
only the Kneehab group in Feil et al. [13] scored higher on
the Lysholm scale of self-reported function and only for the
first follow-up. Feil et al. [13] describes the shuttle run they
performed as a “walk/sprint test”, therefore only utilizing
this test 6 weeks post-surgery. Physical performance tests
and self-reported function may provide a more valid pres-
entation of the actual benefits NMES can provide in reha-
bilitation back to daily activities and sports than isometric or
isokinetic strength measurements. Recent research suggests
that the factors most strongly associated with return-to-sport
status include self-reported knee function, episodes of knee
instability and knee joint effusion [21]. While it is possible
that these are factors that can be influenced by using NMES,
most of the studies included in this review did not attempt
to measure this.
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The majority of the studies have described peak stimula-
tion intensity as “maximum tolerable” or “maximum com-
fortable”. Comfort tolerance likely varies greatly between
subjects. Intensity dictates muscle fibre recruitment and
work load [25]. The actual work load produced in these stud-
ies can also be variable when comparing 3—840 min of active
stimulation time per week [14, 36].

This systematic review has several unique strengths
including a comprehensive search with an independent dual
investigator screening and inclusion process, the initial
meta-analysis on strength measurements post-utilization of
NMES after ACL surgery, and discussion regarding expla-
nation of heterogeneous differences in the primary outcome
of strength. However, our review is not without limitations.
When three arm studies were identified, we chose one inter-
vention group to be included. This was the case with Feil
et al. [13] which compared two NMES devices (Polystim
and Kneehab) to standard physical therapy. We chose the
Kneehab group which showed significantly better results
than both the Polystim group and the control group. Our sen-
sitivity analysis indicates that including the Polystim group
would be a borderline outlier on the main effect analysis.
Another reason for this effect is that the authors report their
source of funding to be a potential conflict of interest due to
industry funding.

There are several limitations related to the quality of the
included literature. No studies blinded the therapist or the
subjects, but five studies [7, 13, 14, 32, 38] blinded asses-
sors. Non-blinded study designs tend to show greater effects
[26]. Only two studies [13, 14] had an “intention-to-treat”
analysis which is an important measure to preserve the bene-
fits of random assignment [24]. Four studies [13, 16, 32, 39]
report that the subjects were comparable at baseline. The use
of standardization in meta-analysis is sometime required to
account for the differences in measures of the same outcome.

This is the case with our meta-analysis where several studies
measured strength using a different measure. Although the
standardization provides a measure of comparison across
studies, it does limit the clinical interpretation.

Conclusion

The addition of NMES to standard physical therapy appears
to significantly increase quadriceps muscle strength com-
pared to conventional physical therapy alone. Early strength
gains can be beneficial to avoid quadriceps muscle inhibition
and atrophy, providing the rehabilitation subject with the
most effective course of rehabilitation and return to sports.
Improvements in self-reported physical function were also
found; however, NMES did not influence self-reported func-
tion beyond 6-week follow-up. Studies with longer follow-
ups are required to determine whether NMES gives any
advantages in the long term.
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Appendix: Search strategies

See Tables 5, 6, 7 and 8.

Table S Search strategy PubMed
PubMed

(““anterior cruciate ligament reconstruction”[MeSH Terms] OR “anterior cruciate ligament
reconstruction”[tiab] OR “Anterior Cruciate Ligament/surgery”’[Mesh] OR “Anterior Cruciate
Ligament surgery”[tiab] OR (ACL[tiab] AND “reconstructive surgical procedures”’[MeSH Terms])
OR ““ ACL reconstruction”[tiab] OR “quadriceps muscle”’[MeSH Terms] OR “quadriceps”[tiab])
AND (“electric stimulation”[MeSH Terms] OR Electric Stimulation Therapy[mesh] OR “neuro-

@ Springer

muscular electrical stimulation”[tiab] OR NMES(tiab]) AND (randomized controlled trial[pt] OR
controlled clinical trial[pt] OR randomized[tiab] OR randomised[tiab] OR randomization[tiab] OR
randomisation[tiab] OR randomly[tiab] OR trial[tiab] OR groups[tiab] OR Clinical trial[pt] OR
“clinical trial”’[tiab] OR “clinical trials”[tiab] OR “evaluation studies”[Publication Type] OR “eval-
uation studies as topic”’[MeSH Terms] OR “evaluation study”[tiab] OR evaluation studies[tiab] OR
“intervention study”’[tiab] OR “intervention studies”[tiab] OR “case—control studies”’[MeSH Terms]
OR “case—control”’[tiab] OR “cohort studies”[MeSH Terms] OR cohort[tiab] OR “longitudinal
studies”[MeSH Terms] OR “longitudinal”[tiab] OR longitudinally[tiab] OR “prospective”[tiab]
OR prospectively[tiab] OR “retrospective studies”’[MeSH Terms] OR “retrospective”[tiab] OR
“follow up”[tiab] OR “comparative study”[Publication Type] OR “comparative study”[tiab]) NOT
(Editorial[ptyp] OR Letter[ptyp] OR Case Reports[ptyp] OR Comment[ptyp]) NOT (animals[mh]
NOT humans[mh])

Returned 558 articles
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Table 6 Search strategy Embase

Embase
No. Query Results
#1  ‘anterior cruciate ligament’/exp OR ‘anterior 18,572
cruciate ligament’ OR ‘anterior cruciate ligament
reconstruction’/exp OR ‘anterior cruciate ligament
reconstruction’ OR ‘anterior cruciate ligament
surgery’ OR ‘acl reconstruction’
#2  ‘anterior cruciate ligament’/exp OR ‘anterior cruci- 22,967
ate ligament” OR ‘acl’
#3  ‘surgery’/exp OR ‘surgery’ OR ‘reconstructive 5,331,275
surgery’/exp OR ‘reconstructive surgery’
#4  #2 AND#3 15,930
#5  ‘quadriceps’/exp OR ‘quadriceps’ OR ‘quadriceps 18,462
femoris muscle’/exp OR ‘quadriceps femoris
muscle’
#6  #1 OR #4 OR #5 36,487
#7  ‘electric stimulation’/exp OR ‘electric stimulation” 270,113
OR ‘electric stimulation therapy’/exp OR ‘electric
stimulation therapy’ OR ‘electrostimulation’/exp
OR ‘electrostimulation’ OR ‘electrostimulation
therapy’/exp OR ‘electrostimulation therapy’ OR
‘neuromuscular electrical stimulation’/exp OR
‘neuromuscular electrical stimulation’ OR ‘nmes’
#38  #6 AND #7 1722
#9  #6 AND #7 AND([Cochrane review]/lim OR 139
[systematic review]/lim OR [controlled clini-
cal trial]/lim OR [randomized controlled trial]/
lim OR [meta analysis]/lim) AND ([article]/lim
OR [article in press]/lim) AND ([English]/lim
OR [norwegian]/lim) AND [humans]/lim AND
([embase]/lim OR [embase classic]/lim)
Table 7 Search strategy CINAHL
CINAHL
No. Query Results
S1  (MH “Anterior Cruciate Ligament Reconstruction”) OR “anterior 3876
cruciate ligament reconstruction” OR (MH “Anterior Cruciate
Ligament/SU”)
S2  “Anterior Cruciate Ligament Surgery” 1419
S3  (MH “Surgery, Reconstructive+”) AND “ACL” 904
S4  “ACL reconstruction” 1263
S5  “quadriceps” OR (MH “Quadriceps Muscles+") 5147
S6 SIORS2O0R S30R S40R S5 9180
S7  (MH “Electric Stimulation+") OR (MH “Electrical Stimulation, 12706
Neuromuscular”)
S8  “Electric Stimulation Therapy” OR “NMES”’S9 289
S9 S7O0R S8 12792
S10 S6 AND S9 466
S11 S6 AND S9 Limiters—English Language, Randomized Controlled 44

Trials

Table 8 Search strategy Cochrane

Cochrane

No. Query Results

#1  “anterior cruciate ligament reconstruction” or 2876
“Anterior Cruciate Ligament surgery” or “ACL
reconstruction” or “quadriceps”

#2  “electric stimulation” or “Electric Stimulation 3710
Therapy” or “neuromuscular electrical stimula-
tion” or NMES

#3  #l and #2 232
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