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Abstract

Objective
This study aimed to determine whether kilohertz-frequency alternating current (KFAC) is

superior to low-frequency pulsed current (PC) in increasing muscle-evoked torque and less-
ening discomfort.

Data sources

The electronic databases PubMed, PEDro, CINAHL, and CENTRAL were searched for
related articles, published before August 2017. Furthermore, citation search was performed
on the original record using Web of Science.

Review methods

Randomized controlled trials, quasi-experimental studies, and within-subject repeated stud-
ies evaluating and comparing KFAC and PC treatments were included. The pooled stan-
dardized mean differences (SMDs) of KFAC and PC treatments, with 95% confidence
intervals (Cls), were calculated using the random effects model.

Results

In total, 1148 potentially relevant articles were selected, of which 14 articles with within-sub-
ject repeated designs (271 participants, mean age: 26.4 years) met the inclusion criteria.
KFAC did not significantly increase muscle-evoked torque, compared to PC (pooled SMD:
-0.25; 95% CI: -0.53, 0.06; P=0.120). KFAC had comparable discomfort compared to that
experienced using PC (pooled SMD: -0.06; 95% CI: -0.50, 0.38; P=0.800). These esti-
mates of the effects had a high risk of bias, as assessed using the Downs and Black scale,
and were highly heterogeneous studies.
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Conclusions

This meta-analysis does not establish that KFAC is superior to PC in increasing muscle-
evoked torque and lessening discomfort level. However, no strong conclusion could be
drawn because of a high risk of bias and a large amount of heterogeneity. High quality stud-
ies comparing the efficacy between PC and KFAC treatments with consideration of potential
confounders is warranted to facilitate the development of effective treatment.

1. Introduction

Neuromuscular electrical stimulation (NMES) is used in the clinical setting of rehabilitation,
primarily to enhance muscle strength, particularly in subjects who are unable to perform con-
ventional exercise.[1] NMES can be used to produce a muscle contraction equivalent to 40-60%
of maximum voluntary isometric contraction (%MVIC).[2] The level of % MVIC is reportedly
associated with the cross-sectional area of the activated skeletal muscle,[3] and current intensity
is linearly related to NMES-evoked muscle torque.[2] Thus, NMES current intensity should be
as high as possible to stimulate a broader cross-sectional area of the muscle and to produce mus-
cle-evoked torque. However, the strong discomfort associated with NMES limits the dosage and
consequently impedes the attainment of optimal muscle contraction,[4] highlighting the impor-
tance of suppressing the discomfort during NMES during rehabilitation.

The two major frequently used NMES approaches are low-frequency pulsed current (PC)
and kilohertz-frequency alternating current (KFAC), commonly referred to as Russian current
(i.e., frequency of 2500 Hz applied in 50 Hz rectangular bursts/s with a burst duty cycle of
50%).[5] PC and KFAC are delivered in the 1-100 Hz and 1-10 kHz frequency ranges, respec-
tively. The most commonly used KFAC frequencies are 2.5 and 4 kHz.[6] Theoretically, KFAC
has the advantage of lower skin impedance,[7] which allows more electrical energy to stimulate
the skeletal muscle and generates stronger muscle contractions with less discomfort. A recent
meta-analysis from seven studies with 127 subjects investigated which NMES protocol is better
at producing quadriceps muscle-evoked torque and lessening the discomfort level related to
NMES.[8] KFAC and PC had similar effects in producing muscle torque and discomfort level
in healthy individuals.[8] This meta-analysis raised several experimental biases in the included
studies, which would accelerate additional research in the rehabilitation field as reported by a
recent article.[9] However, this meta-analysis has several methodological issues that need to be
resolved. For example, a large heterogeneity existed among included subjects, however appro-
aches to explore the cause of heterogeneity, such as subgroup and meta-regression analyses,
were not performed. These points are important, because confidence in the effects estimate
from meta-analysis depends on the quality of the included studies and analytic process of the
meta-analysis,[10] as the former can be evaluated by the Grades of Recommendation, Assess-
ment, Development, and Evaluation (GRADE) approach.[11] It is also important to emphasize
that the effects estimate comparing KFAC and PC treatments in the previous meta-analysis
had wide 95% confidence intervals (CIs),[8] which could change the clinical decision if the
true effects estimates are in the upper or lower boundary.[12] Recently, additional relevant
articles were reported [13, 14]; therefore, precision of effects estimate would be increased by
synthesizing all these articles. These updated information would be helpful for clinicians and
physical therapists in making and improving evidence-based treatment regimen using NMES
for muscle strength.
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Thus, the purpose of this systematic review was to update the meta-analysis examining cur-
rent evidence that compared the effects of KFAC and PC on muscle-evoked torque and dis-
comfort in adults, using the GRADE approach. We hypothesized that KFAC is superior to PC
in increasing muscle-evoked torque and lessening discomfort level.

2. Materials and methods

This study was conducted according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement,[15] PRISMA protocols (PRISMA-P),[16] Meta-
analysis of Observational Studies in Epidemiology (MOOSE) checklist,[17] and Cochrane
Handbook for Systematic Reviews of Interventions (S1 and S2 Files).[18] A detailed protocol
for this systematic review has not been previously published and registered.

2. 1 Literature search and study selection

The electronic databases of PubMed, Physiotherapy Evidence Database (PEDro), Cumulative
Index to Nursing and Allied Health Literature (CINAHL), and Cochrane Central Register of
Controlled Trials (CENTRAL) were utilized. Searches used combined key terms, including
“electric stimulation” and “adverse effects,” which use Medical Subject Headings terms. A
database search strategy is provided in Method A in S3 File. These keywords include those
used in the previous meta-analysis.[8] Google Scholar was also used as a complementary
search engine. In addition, a manual search of the reference lists of past systematic reviews was
performed. Furthermore, citation searching was performed on the original record using the
Web of Science. These citation indices are recommended by the Cochrane Handbook.[18]

Studies that were included were (i) published in a peer review journal, (ii) written in
English, (iii) had a randomized controlled trial (RCT), or quasi-experimental, and within-sub-
ject repeated design, (iv) had a treatment strategy that included KFAC and PC stimulations
targeting the skeletal muscles, and (v) whose outcome included muscle performance and/or
discomfort level. No restrictions were imposed on study dates, follow-up duration, target mus-
cle, and subject characteristics. Although a previous meta-analysis included only healthy
adults,[8] we also included adults other than healthy individuals, because NMES is used in
rehabilitation, primarily, to enhance muscle strength particularly in subjects who are unable or
unwilling to perform conventional exercises.[1] This is important given the GRADE approach
criteria (i.e., indirectness).[19] For each electronic database, the endpoint was August 2017.
Studies that investigated KFAC using interferential current were excluded because of its differ-
ent mechanism from that of Russian currents,[6] as done in the previous meta-analysis.[8]

2. 2 Determining inclusion

One reviewer, who was also a content expert, assessed eligibility in accordance with the
Cochrane Handbook.[18] The reviewer screened the title and abstracts yielded by the search.
Full manuscripts of the articles that met the eligibility criteria were then obtained and reviewed.
During these processes, the reviewer prepared and used simple predesigned Google spreadsheets
to assess eligibility by extracting study features.

2. 3 Outcome measures and data extraction

The primary outcomes in this review were (i) skeletal muscle-evoked torque evaluated using %
MVIC and (ii) discomfort level due to the electric stimulation treatment evaluated using a
visual analog scale (VAS). When %MVIC was not available, other outcome measures of muscle
performance, such as muscle-evoked torque that is non-normalized by MVIC, were used. The
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same reviewer collected the data using standardized data extraction form regarding authors,
years, study design, subject population, electric stimulation parameters (i.e., frequency, pulse
duration, current intensity), target muscle, outcome, and funding sources.

2. 4 Risk of bias assessment of included studies

The same reviewer evaluated the risk of bias of each study using the Downs and Black scale
[20] that was slightly modified to include only 13 variables (bias: 7 items; confounding: 6
items) to assess internal validity (minimum: 0 point; maximum: 13 points) as in other meta-
analyses.[21] This scale is a useful tool for assessing risk of bias in observational studies[22]
and the methodological quality of both RCT and non-RCT of treatment.[18] This scale has
been ranked in the top six quality assessment scales suitable for the use in systematic reviews
for non-RCT.[22, 23] All items were scored 1 for fulfilling the criterion or 0 if the criterion was
not filled. Publication that did not provide sufficient details to fulfill the criterion were also
given a 0 score for being unable to be determined in accordance of the original index of
Downs and Black scale. To assess intra-rater reliability in the current data set, the same exam-
iner rescored more than 1 week after the first assessment. The intra-rater reliability was excel-
lent[24] for all 13 items (k = 0.967, 95% CI: 0.929-1.000), for bias-related 7 items (x = 0.976,
95% CI: 0.930-1.000), and confounding-related 6 items (x = 0.919, 95% CI: 0.808-1.000).

2.5 Data analysis

For the meta-analysis, pooled estimates and 95% Cls for standardized mean differences

(SMD) were calculated using the DerSimonian-Laird method[25] (Method B in S3 File). The
SMD was calculated for paired samples using the mean difference between-group (PC and
KFAC) divided by the pooled standard deviation (SD). The formulae for calculating the pooled
SD and pooled SMD are shown in eMethods in the Supplement. The meta-analyses were per-
formed using Review Manager (RevMan) Version 5.3 (the Nordic Cochrane Centre, the
Cochrane Collaboration, Copenhagen, Denmark). A forest plot was used to represent the
results of the meta-analysis in accordance with a previous study.[26] The size of the SMD was
interpreted using Cohen’s d[27] (<0.5: small effect size, 0.5-0.8: moderate effect size, and
>0.8: large effect size). When mean and SD values were not directly reported in an article, they
were calculated from other available data, if possible; for example, mean and SD values were
estimated from the figure in each article. For the significant findings reported with an exact P-
value (i.e., P = 0.037, not P < 0.05), SD was calculated using RevMan calculator. The calculator
can provide standard deviations from available data even if the actual standard deviations are
missed in each included article. For studies with multiple evaluation points, data from the last
available evaluation point was used, as in previous meta-analyses.[21] To evaluate the robust-
ness of this imputation method, prespecified sensitivity analysis was performed while exclud-
ing studies with imputed data. The last evaluation point would be variable because it would
represent the point at which the greatest difference of muscle performance and discomfort
level between KFAC and PC is observed. To provide SMD with 95% CI in specific subjects and
skeletal muscles, certain post hoc sensitivity analyses were also performed: (i) excluding arti-
cles that included subjects other than healthy adults and (ii) excluding articles that targeted
muscles other than the quadriceps muscle.

To test for publication bias (funnel plot asymmetry), a funnel plot and Egger’s test[28]
(Method C in S3 File) were used. A test for funnel plot asymmetry formally examines whether
the association between estimated intervention effects and a measure of study size (standard
error of the intervention effect) is greater than might be expected to occur by chance. P < 0.10
indicated the existence of publication bias, as practiced by a previous study.[28]

PLOS ONE | https://doi.org/10.1371/journal.pone.0195236  April 24, 2018 4/19


https://doi.org/10.1371/journal.pone.0195236

iggl’L‘)S;|ONE

PC and KFAC on muscle-evoked torque and discomfort

Study heterogeneity was assessed using I” and Q statistics.[29] If I was >50%, random
effects meta-regression was performed using certain parameters selected a priori: (i) age (per
year), (ii) %female (per percent), (iii) BMI (per unit), (iv) year of publication (per year), (v)
Downs and Black scale score (per point), and (vi) funding source (0: no, 1: yes). These factors
were chosen because of their potential association with the effects estimate of NMES and pri-
mary outcomes and not on the causal pathway between NMES and each outcome.[30, 31] All
other statistical analyses were performed using JMP Pro 12.2 (SAS Institute, 100 SAS Campus
Drive Cary, NC 27513-2414, USA). P < 0.05 was considered statistically significant.

2. 6 Quality assessment of body of evidence: GRADE approach

One reviewer graded the quality of the outcome measures of interest in accordance with the
GRADE approach[11] as high, moderate, low, and very low using the following five domains:
risk of bias, inconsistency, indirectness, imprecision, and publication bias. The evidence quality
was downgraded if (i) primary outcomes have a high risk of bias; we defined this as Downs and
Black scale score of <8 points because most of the trials in the meta-analysis have a conservative
approach (i.e., severe judgment to prevent overestimation); (ii) heterogeneity between trials was
more than substantial (I >50%)[18, 32]; (iii) included subjects in most of the trials were healthy
adults (i.e., indirectness in the population)[19], (iv) the 95% CI of SMD was large; that is, clinical
action differs if the 95% CI is in the upper or lower boundary [12]; and (v) publication bias, fun-
nel plot asymmetry, existed as evaluated by the Egger’s regression test[33].

3. Results

3. 1 Study selection

The database search yielded 1148 studies. Fig 1 shows a flow chart of the study selection. After
adjusting for duplicated studies, the titles and abstracts of 678 studies were screened, and the
remaining 72 studies were assessed for eligibility by full-text screening. Finally, 14 studies met
the eligibility criteria. Exclusion reasons for the 58 studies during the full-text screening were
publication in a non-English language (n = 20; 35.7%), study design other than RCT, quasi-
experimental design, or within-subject repeated designs (n = 15; 26.3%), treatment strategy
other than KFAC and PC treatments (n = 22; 38.6%), and outcome measure other than muscle
performance (n = 1; 1.8%). Percent agreement of full-text screening between the first and sec-
ond assessments was 100.0%. The citation index found no additional articles; in total, 14 stud-
ies were used in the meta-analysis.

3. 2 Study characteristics

Table 1 shows the characteristics of the included studies that compared the effects of PC and
KFAC. All included studies had a within-subject repeated design[9, 13, 14, 34-44]. A total of
271 subjects (mean age: 26.4 years) were included from 14 studies. Of the 12 studies that
reported sex (n = 228 subjects), 131 (57.5%) were female. Of the studies included, 13 (92.9%)
evaluated healthy adults without any musculoskeletal disease,[9, 13, 14, 34-41, 43, 44] and 1
study evaluated adults with spinal cord injury.[42] Of the 14 studies, 11 (78.6%) and 2 (14.3%)
studies evaluated the quadriceps muscle and the wrist extensor muscle, respectively. Only 1
(7.1%) study evaluated the quadriceps, hamstrings, and gluteus muscles. Among the articles, 3
(21.4%) reported a funding source.[9, 42, 43].
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Fig 1. Review flow diagram.

https://doi.org/10.1371/journal.pone.0195236.9001

3. 3 NMES protocols

The most commonly used carrier frequency was 50 and 2500 Hz in PC (n = 10 [71.4%]) and
KFAC (n = 12 [85.7%]), respectively. In KFAC, the carrier frequency was likely to be modu-
lated at 50 Hz burst frequency (n = 11 [78.6%]). The pulse duration was variable and ranged
200-500 ps in both PC and KFAC. Only a few articles reported mean current intensity.[9, 13,
14, 34, 35] The mean current intensity was 59.7-110.0 mA and 73.3-108.8 mA for PC and
KFAC, respectively.

3. 4 Risk of bias within studies

The included trials had a mean Downs and Black scale score of 5.9 + 0.6 (range, 5-7) points,
which indicates that the overall quality was poor (Table A in S3 File). None of the included
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Table 1. Summary of included studies.

Author Subject Population Frequency (Hz) |Pulse Duration |Intensity (mA) Target Muscle Outcome
(us)
Within-subject repeated measure
Aldayel A, 2010 | Healthy adults (N = 12; age: 31.2 + 5.5 y; weight: PC: 75 PC: 400 Maximum Quadriceps %MVIC
[34] 81.4 + 15.2 kg; height: 174.3 + 4.8 cm; BMI: 26.9 KFAC: 2500 KFAC: 400 tolerance:
kg/m? 0% F) PC:84.4+13.8
KFAC: 789 £4.0
Aldayel A, 2011 | Healthy adults (N = 9; age: 34.0 £ 7.0 y; weight: PC: 75 PC: 400 Maximum Quadriceps %MVIC
[35] 85.4 + 14.1 kg; height: 174.0 £ 5.1 cm; BMI: 28.2 KFAC: 2500 KFAC: 400 tolerance:
kg/m? 0% F) PC:86.4+13.6
KFAC: 80.0 £ 4.1
Dantas LO, 2015 | Healthy adults (N = 23; age: 21.6 + 2.5 y; weight: PC1: 50 PC1: 200 Maximum Quadriceps %MVIC
[36] 58.8 + 8.5 kg; height: 166.3 + 7.3 cm; BMI: 21.3 kg/ | PC2: 50 PC2: 500 tolerance
m?% 100% F) KFACI: 2500 KFACI: 200
KFAC2: 1000 KFAC2: 500
Fukuda TY, Healthy adults (N = 30; age: 25.0 + 3.0 y; BMI: PC1: 50 PC1: 400 PC1:59.7 + 10.9 Quadriceps %MVIC
2013[13] 242+1.7 kg/mz; 0% F) PC2: 50 PC2: 400 PC2:60.3 £15.0
KFAC: 2500 KFAC: 400 KFAC: 74.7 £ 14.5
Holcomb W, Healthy adults (N = 10; age: 24.0 y; weight: 64.4 kg; | PC: 90 PC: 200 ms Maximum Quadriceps %MVIC
2000[37] height: 168.4 cm; BMI: 22.8 kg/mz; 50.0% F) KFAC: 2500 KFAC: 5.6 ms tolerance
(burst duration)
Laufer Y, 2001 | Healthy adults (male: N = 15; age: 30.7 £ 5.5 y; PC: 50 PC: 200 PC: 0-150 mA; Quadriceps %MVIC
[44] female: N = 15, age: 28.2 £ 5.2 'y; 50% F) KFAC: 2500 KFAC: 200 KFAC: 0-100 mA
Laufer Y, 2008 | Healthy adults (N = 26; age: 27.4 + 5.0 y; BMI: PC: 50 PC: 200 Maximum Wrist extensor %MVIC
[38] 23.3+33 kg/mz; 57.7% F) KFAC: 2500 KFAC: 200 tolerance
Lein DH Jr, Healthy adults (N = 12; age: 25.5 + 9.0 y; weight: PC: 10, 20, 30, PC: 200, 300, 400, | NA Quadriceps %MVIC
2015[39] 74.4 +13.1 kg; height: 175.0 £ 10.4 cm; BMI: 24.3 | 40, 50, 70 500
kg/m?; 50.0% F) KFAC: 2500 KFAC: 200
Medeiros FV, Healthy adults (N = 25; age: 21.0 + 3.0 y; weight: PC1: 50 PC1: 250 Maximum Quadriceps %MVIC
2017[9] 59.0 + 9.0 kg; height: 162.0 + 5.0 cm; BMI: 22.5 kg/ | PC2: 50 PC2: 500 tolerance:
m? 100% F) KFAC1:1000 | KFACI: 500 PCI: 110.0 £ 12.1
KFAC2:4000 | KFAC2: 250 PC2:72.4 +22.4
KFACI:
108.8 + 18.5
KFAC2: 82.6 +21.2
Scott W, 2015 Healthy adults (N = 12; age: 22.6 y; weight: 77.6 kg; | PC: 50 PC: 500 NA Quadriceps %MVIC
[40] height: 174.0 cm; BMI: 25.6 kg/mz; 100% F) KFAC: 2500 KFAC: 200
Snyder-Mackler | Healthy adults (N = 12; age: 28.7 [21-40] y; 100% | PC: 50 PC: 200 Maximum Quadriceps %MVIC
L, 1989[41] F) KFAC: 2500 KFAC: 200 tolerance
Szecsi ], 2007 Spinal cord injury (N = 11; age: 35.5 + 8.8 y;27.3% | PC: 20 PC: 500 NA Quadriceps, Isometric
[42] F) KFAC: 4000 KFAC: 10 ms hamstrings, gluteus | torque
(burst duration)
Vaz MA, 2012 Healthy adults (N = 22; age: 25.0 + 4.0; 59.1% F) PC: 50 PC: 400 PC:63.3£10.0 Quadriceps %MVIC
[14] KFAC: 2500 | KFAC: 10 ms KFAC: 73.3 + 15.0
(burst duration)
Ward AR, 2006 | Healthy adults (N = 32; age: 30.8 + 14.5) PCI: 50 PCI: 200 Maximum Wrist extensor %MVIC
[43] PC2: 50 PC2: 500 tolerance
KFACI: 2500 KFACI: 200
KFAC2: 2500 KFAC2: 500

BMI: body mass index; %F: % female; PC: pulsed current; KFAC: kilohertz frequency altering current; MVIC; maximum voluntary isometric contraction; NA: not

applicable.

https://doi.org/10.1

371/journal.pone.0195236.t001

trials blinded participants and assessors who measured key outcomes and concealed randomi-
zation of patients, and none had adequate adjustment for confounders.
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A

B

3. 5 Outcome measures: PC vs. KFAC

3. 5.1 Muscle performance. A difference between PC and KFAC in the %MVIC
(n=196),[9, 13, 34-36, 38-41, 44] and muscle-evoked torque (n = 65)[34, 37, 42, 43] was
observed in 10 and 4 articles, respectively. In 3 [9, 35, 39] and 2 [34, 43] studies, missing
data were imputed from available data to estimate pooled SMD for %MVIC and muscle tor-
que, respectively. Considering all studies, the pooled SMD on the muscle performance was
calculated (Fig 2). The results reveal that KFAC led to a slightly lower %MVIC compared to
PC (Fig 2A), although the difference was not statistically significant (pooled SMD: -0.36;
95% CI: -0.72, 0.00; P = 0.050). However, effects estimates were highly heterogeneous
among studies (P = 66%; P = 0.002). Excluding 3 [9, 35, 39] studies with imputed data led to
a significantly lower %MVIC in KFAC than those in PC (pooled SMD: -0.45; 95% CI: -0.75,
-0.16; P = 0.002). Posthoc sensitivity analysis revealed that KFAC had significantly lower
torque than PC when 1 article targeting the wrist extensor muscle[38] was excluded from
the meta-analysis (pooled SMD: -0.41; 95% CI: -0.81, -0.01; P = 0.040).

On the other hand, KFAC led to a similar muscle torque compared to PC (Fig 2B). Excluding
2 [34, 43] studies with imputed data had a minimal effect on muscle torque. Posthoc sensitivity

Study n SMD (95% CI) Weight, % %MVIC
%MVIC ;
Aldayel A, 2010 12 -0.81(-1.65, 0.03) 85 _._._
Aldayel A, 2011 9 -1.50 (-2.58, -0.42) 6.5 —_—
Dantas LO, 2015 21 -039(-1.00,0.22) 109 —
Fukuda TY, 2013 30 -0.16(-0.67,0.35) 2.1 —
Laufer Y, 2001 30 -0.48(-0.99, 0.04) 12.0 —-—
Laufer Y, 2008 26  -0.01 (-0.55, 0.53) 11.6 _._._
Lemn DH Jr, 2015 12 1.11 (0.24, 1.98) 82 |
Medeiros FV, 2017 25 0.00(-0.55,0.55) 115 -
Scott W, 2015 19 -1.22 (-1.92,-0.52) 9.9 —-—‘
Snyder-Mackler L, 1989 12 -0.54 (-1.36, 0.28) 8.7 —-—‘——
Overall (Random Effects Model) 196 -0.36 (-0.72, 0.00) 100.0 > 2
Test for heterogeneity : Chi =26.28 (P =0.002), I" = 66% ‘ | : Favors KFAC .
\ T T 1
-4 -2 0 2 4
SMD (95% CI)
Study n SMD (95% CT) Weight, % Muscle Torque
Muscle Torque i
Aldayel A, 2010 12 -0.68 (-1.51, 0.15) 219 —-—;L—
Holcomb W, 2000 10 0.72(-0.19, 1.63) 19.3 —L—-—
SzecsiJ, 2007 11 -0.18 (-1.02, 0.66) 21.5 —
Ward AR, 2006 32 0.01(-0.48,0.50) 374
Overall (Random Effects Model) 65 -0.04 (-0.53, 0.44) 100.0 I
Test for heterogeneity: Chi’ =5.12 (P =0.16), I" =41% | . i| Favors KFAC .
[ I | |
4 2 0 2 4
SMD (95% CI)

Fig 2. SMD and 95% CI for the muscle performance between PC and KFAC stimulations. A. %MVIC. B. Muscle evoked torque that is non-normalized data by MVIC.
The diamond represents the pooled effect size using the DerSimonian-Laird method. The vertical solid line at 0 represents no difference. The vertical dotted line represents
pooled SMD. SMD: standardized mean difference; CI: confidence interval; MVIC: maximum voluntary isometric contraction; PC: pulsed current; KFAC: kilohertz
frequency alternating current.

https://doi.org/10.1371/journal.pone.0195236.9g002
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analysis showed comparable results even when 1 article, including subjects with spinal cord
injury,[42] was excluded (data not shown). Another posthoc sensitivity analysis revealed that
KFAC had significantly lower torque compared to PC when 2 articles, targeting the wrist exten-
sor muscle[43] or hamstrings and gluteus in addition to the quadriceps muscles,[42] were
excluded from the meta-analysis (data not shown).

A random effects meta-regression analysis indicated a potential significant association
between SMD for %MVIC and body mass index (BMI) (Table B in S3 File). Fig 3 shows the
relationship between SMD on %MVIC and BMI. We examined publication bias by assessing
the asymmetry in the funnel plot (Fig 4). Funnel plot asymmetry was not visually observed by
the reviewer, and Egger’s regression test was negative for %MVIC (P = 0.578) and muscle tor-
que (P = 0.973), suggesting an absence of significant publication bias. Numerical data of funnel
plots were presented in Table C in S3 File. Non-pooled data of 1 article showed that PC required
significantly lower current amplitude (15%) to achieve 10% of MVIC compared to KFAC.[14]

3. 5.2 Degree of discomfort. A difference between PC and KFAC on the discomfort level
related to electric stimulation (n = 147) was observed in 7 articles.[9, 13, 14, 34, 36, 38,42] In 1
study,[34] missing data were imputed from available data to estimate pooled SMD for discom-
fort level. The pooled SMD on the discomfort level was calculated (Fig 5). The results show
that KFAC and PC had a comparable effect on discomfort (pooled SMD: -0.06; 95% CI: -0.50,
0.38; P = 0.800). Excluding 1 study with imputed data had a minimal effect on muscle torque.
Posthoc sensitivity analysis showed comparable results even when 1 article, including subjects
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Fig 3. SMD on %MVIC in the included articles, according to BMI, together with a summary of random effects meta-regression
analysis. The size of each circle is inversely proportional to weight to correspond to a random effects analysis. The transverse dotted line
at 0 represents no difference. Reference numbers are shown. Note that articles by Laufer (2001) and Snyder-Mackler (1989) are not
shown because of lack of BMI data. BMI: body mass index; SMD: standardized mean difference; MVIC: maximum voluntary isometric
contraction.

https://doi.org/10.1371/journal.pone.0195236.g003
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Fig 4. Funnel plot representing publication bias shows a comparison of the effects of PC and KFAC stimulations on %MVIC (A) and
muscle torque (B). Egger’s regression test was negative for % MVIC (P = 0.578) and muscle torque (P = 0.973). Two diagonal lines
represent pseudo 95% confidence limits around the summary effect for each standard error on the vertical axis. Reference numbers are
shown. CI: confidence interval; KFAC: kilohertz frequency alternating current; SMD: standardized mean difference; MVIC: maximum
voluntary isometric contraction.

https://doi.org/10.1371/journal.pone.0195236.9004

with spinal cord injury,[42] was excluded (data not shown). Another posthoc sensitivity analy-
sis revealed that KFAC had significantly lower torque compared to PC when 2 articles, target-
ing the wrist extensor muscle[38] or hamstrings and gluteus in addition to the quadriceps
muscles,[42] were excluded from the meta-analysis (data not shown). However, effects esti-
mates were highly heterogeneous among studies (I° = 71%; P = 0.002). A random effects meta-
regression analysis revealed no significant associations between the SMD and any of the char-
acteristics (Table D in S3 File). The publication bias was examined by assessing the asymmetry
in the funnel plot (Fig 6). Funnel plot asymmetry was not visually observed by the reviewer,
and the Egger’s regression test result was negative (P = 0.788), which suggests the absence of
significant publication bias. Numerical data of funnel plots were presented in Table E in S3
File. There are two articles[40, 43] that are non-pooled in the meta-analysis. One article
reported that the number of subjects who had a negative comment on NMES was higher in
KFAC than in PC (66.7% vs. 8.3%).[40] Another article reported that the number of reports of
discomfort in each subject was significantly lower in KFAC than in PC (7 vs. 15).[43]

3. 6 Summary of quality of evidence. Table 2 shows a summary of body of evidence
according to the GRADE approach. Effects estimates were downgraded in both muscle perfor-
mance (risk of bias, inconsistency, indirectness, and imprecision) and discomfort level (risk of
bias, inconsistency, and indirectness). None of these effects estimates was upgraded. Each
meta-analysis scored 1 (very low) on the GRADE approach, which indicates a very little confi-
dence of the effects estimate (i.e., the true effect is likely to be substantially different from the
effect estimate).[11]

4. Discussion

This systematic review with meta-analysis does not support the hypothesis that KFAC is superior
to PC in increasing muscle-evoked torque and lessening discomfort level in adults. However, the

Study n SMD (95% CI) Weight, % Discomfort Level
Discomfort Level ;
Aldayel A, 2010 12 -0.84(-1.68,-0.00) 11.8 —-—r
Dantas LO, 2015 21 0.07 (-0.53, 0.68) 14.8 —.—-—
Fukuda TY, 2013 30 -0.89(-1.42,-0.36) 15.8 —.
Laufer Y, 2008 26 0.14 (-0.40, 0.68) 15.7 ——
Medeiros FV, 2017 25 -0.10 (-0.66, 0.45) 155 —a—
SzecsiJ, 2007 11 0.57 (-0.29, 1.43) 11.6 —.——-—
Vaz MA, 2012 22 0.66(0.05,1.27) 14.8 —I—
Overall (Random Effects Model) 147 -0.06 (-0.50, 0.38) 100.0 ‘
Test for heterogeneity: Chi’ =20.88 (P =0.002), I’=71% | Fav<|>rs KFAC ' | |
[ [ I |
4 2 0 2 4
SMD (95% CI)

Fig 5. SMD and 95% CI for the discomfort level between PC and KFAC stimulations. The diamond represents the pooled effect size using the DerSimonian-Laird
method. The vertical solid line at 0 represents no difference. The vertical dotted line represents pooled SMD. SMD: standardized mean difference; CI: confidence interval;
MVIC: maximum voluntary isometric contraction; PC: pulsed current; KFAC: kilohertz frequency alternating current.

https://doi.org/10.1371/journal.pone.0195236.9g005
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Fig 6. Funnel plot representing publication bias shows a comparison of the effects of PC and KFAC stimulations on discomfort
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effect for each standard error on the vertical axis. Reference numbers are shown. CI: confidence interval; KFAC: kilohertz frequency

alternating current; SMD: standardized mean difference.
https://doi.org/10.1371/journal.pone.0195236.9006

quality of evidence was very low according to the GRADE scale because of non-RCT study
design, high risk of bias, large heterogeneity, and wide 95% CI of SMD. Thus, no conclusion can

Table 2. Summary of body of evidence according to the GRADE approach: KFAC vs. PC.

Level of Evidence (GRADE)

Outcome SMD (95% CI) Study Design Number of Subjects
Muscle Performance
%MVIC -0.36 (-0.72, 0.00) x 10 Within-subject n =196 @ 6 6 © Very low 11§
repeated design
Muscle Torque -0.04 (-0.53, 0.44) x 4 Within-subject n =65 & 6 6 & Very low* §§
repeated design
-0.06 (-0.50, 0.38) x 7 Within-subject n =147 @ 6 6 6 Verylow %

Discomfort Level

SMD: standardized mean difference; GRADE: Grades of Recommendation, Assessment, Development, and Evaluation.

repeated design

A negative value of SMD in muscle performance means that PC leads larger muscle torque compared to KFAC. A negative value of SMD in discomfort level means that

KFAC is less discomfort compared to PC.
Very low quality: very little confidence that the effects estimate and the true effect are likely to be substantially different from the effects estimate.

*Downgraded for risk of bias (all included studies scored less than 8 points on the Downs and Black scale)
tDowngraded for inconsistency (results were heterogeneous across the included studies: I” = 66% and 71% on %MVIC and discomfort level, respectively).

tDowngraded for indirectness (subjects were healthy adults in most of the studies).
§Downgraded for imprecision (clinical action would depend on whether the 95% CI on muscle performance is in the upper or lower boundary).

https://doi.org/10.1371/journal.pone.0195236.t1002
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be drawn from this meta-analysis. This meta-analysis is the first to compare the effects of KFAC
and PC on muscle performance and adverse event in using the GRADE approach, which can
shed light on several methodological issues in the included studies. We believe that high quality
RCTs that compare the treatment effect between KFAC and PC are needed to facilitate the foun-
dation for effective NMES.

This meta-analysis used comprehensive search strategy including manual research and cita-
tion index to identify trials in compliance with recommendation for systematic reviews.[18]
Keywords used in the current meta-analysis include those used in the previous meta-analysis,
[8] but further keywords were added. These search strategies provide a more comprehensive
assessment of relevant articles by adding new findings to the previous review. Indeed, the cur-
rent meta-analysis added 8 articles[9, 13, 14, 38-40, 42, 43] that were not included in the previ-
ous meta-analysis which demonstrated a similar effect of KFAC and PC on quadriceps-evoked
torque and discomfort in healthy adults.[8] It should be noted that the mean age of subjects in
all the included studies is quite young (26.4 years); thus, our findings may not be applicable to
the elderly population, because the elderly have a different force-frequency relationship of
quadriceps from healthy adults.[30] However, increasing the number of included trials is vari-
able in the meta-analysis because pooled SMD on muscle performance was statistically more
significant than a single trial.[18] It is important to emphasize that our findings differ from the
previous meta-analysis that concluded that PC and KFAC have a similar effect on quadriceps
muscular function.[8] Indeed, the meta-analysis showed that KFAC leads a lower muscle-
evoked torque than PC that is consistent in the sensitivity analysis when only articles targeting
the quadriceps muscle in healthy adults were included in the meta-analysis. Since effect esti-
mates would suffer from several bias and confounders as discussed later, the results of the cur-
rent meta-analysis in favor of PC cannot be explained by sole NMES parameter alone.
Generally, longer phase durations generate greater muscle torque at least when monophasic
square-wave pulses are used.[45, 46] A recent study also showed that KFAC and PC, with the
same phase duration, have similar efficiency for inducing %MVIC, and NMES with longer
phase duration induces higher muscle-evoked torque regardless of the carrier frequency,[9]
which indicates that phase duration plays an important role on muscle torque. Nevertheless,
most of included studies used same phase (pulse) duration, which does not support the theory
that KFAC had a short phase duration and produce less muscle torque compared to PC.

In the current meta-analysis for muscle performance, %MVIC and muscle-evoked torque
were analyzed separately because these 2 outcomes are different measures. Indeed, pooled
SMD is different between 2 outcome measures. While %MVIC is likely to be significantly
higher in PC compared to KFAC, the muscle-evoked torque in PC is similar to those in KFAC.
However, it should be noted that all of the included studies had a within-subject repeated mea-
sure design, indicating that MVIC is the same between subjects in PC and KFAC. Thus, %
MVIC and muscle torque may yield similar results. If these 2 outcome measures are integrated
into 1 pooled SMD, the overall effect is slightly attenuated but is similar compared to those of
%MVIC. All of these data do not support the hypothesis that KFAC is superior to PC in
increasing muscle-evoked torque and in lessening discomfort levels in adults.

The risk of bias assessment of Down and Black scale demonstrated that none of the
included studies had appropriate blinding or adequate adjustment for confounders. The latter
is particularly important because previous experimental studies showed that muscle-evoked
torque and discomfort level may be affected by several factors, including, age,[30] sex,[47]
skinfold thickness,[48, 49] and NMES parameters,[50, 51] which may attribute to the heteroge-
neity of effects estimate in the included studies. Although previous meta-analysis[8] also per-
formed quality assessment of included studies using the PEDro scale,[52] this scale would be
inappropriate for the assessment of non-RCT's and cannot check whether included studies
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have adequate adjustment for confounders. To explain inter-trial heterogeneities, we per-
formed random effects meta-regression analysis and found that BMI has a tendency to signifi-
cantly associate with SMD of MVIC, which indicates its substantial role in causing the
heterogeneity of effects estimate. The cause of this relationship is unknown. Although other
potential confounders, such as female sex, were not significant factors associated with SMD,
meta-regression analysis is well known to often have a low statistical power particular when a
meta-analysis has fewer than 10 studies[53]. In the current meta-analysis, the number of arti-
cles included for estimating SMD of muscle torque non-normalized MVIC and discomfort
level is 4 and 7 articles, respectively. Thus, non-significant result of meta-regression analysis in
each variable does not necessarily implicate a lack of impact on effect estimate.[54] Further-
more, it should be noted that only a few articles showed current intensity level in PC and
KFAC protocol, which could be a strong confounder([2] even when carrier frequency and
pulse duration are the same between two protocols. Given that none of the included studies
stratified these potential confounders, investigating the effects of potential confounders on the
difference of treatment efficacy between PC and KFAC would be of interest to facilitate a foun-
dation for effective treatment.

A potential factor that was not properly addressed in the included studies is electrode posi-
tioning. Muscle impedance is influenced by electrode positioning,[55] and electric stimulation
precisely overlies the motor neuron entry point, requiring less current to induce skeletal mus-
cle contraction with possible excitation of the sensory fibers that convey pain.[56] Given the
anatomical inter-individual variation of motor neuron location,[57] electric stimulation on
subject-specific motor point would evoke muscle torque with less discomfort[58] compared to
the electric stimulation on standard motor point described in the traditional textbook.[59]
Nevertheless, only one of the 14 included studies considered inter-individual anatomical vari-
ability of motor point.[14] Future research should consider inter-individual variability of
motor points. This is of particular importance because discomfort levels are high in both PC
and KFAC stimulations in the included studies, which could impede the attainment of an opti-
mal muscle contraction.[4]

This meta-analysis provided funnel plots with visual judgment by the reviewer and Egger’s
regression test to detect publication bias. The results do not indicate the existence of publica-
tion bias, supporting the validity of pooled SMD on muscle performance and discomfort level.
However, these results, particularly concerning discomfort level, should be interpreted with
caution because when there are relatively few studies, especially less than 10 studies, the sensi-
tivity of the analysis is too low to distinguish chance from real asymmetry.[18]

4. 1 Study limitations

First, this meta-analysis included only articles published in English. Indeed, 20 non-English
(e.g., Chinese) articles were excluded from the meta-analysis during the full-text screening
stage in the current meta-analysis. Thus, language bias may be included in the pooled SMD. It
is probable that positive findings are likely to be published in English-language journals,
whereas negative findings are published in local journals,[18] the same with German-language
literature.[60] Nevertheless, results from funnel plots with Egger’s regression test indicate the
absence of publication bias (i.e., funnel plot asymmetry); the finding does not support the the-
ory that only positive findings were published in English journals in the current research ques-
tion. Furthermore, adding a non-English article,[61] which is included in the previous meta-
analysis,[8] had a minimal effect on SMD for discomfort level (data not shown). Second,
effects estimate of this meta-analysis was based on non-RCTs that encountered greater bias
and several confounders compared to RCTs. Nevertheless, meta-analysis including non-RCT's
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can provide evidence of effects that are difficult to detect using an RCT, such as adverse events
that limit the current dosage and consequently impede the attainment of optimal muscle con-
traction.[4] Further high quality studies considering potential confounders would be of partic-
ular interest. Third, some missing data were imputed from available data such as figure in each
article, which may lead to an inaccurate effect estimate. However, the sensitivity analysis
showed similar results in muscle performance and discomfort level, indicating that the effect
estimates would be robust. Finally, the review processes, such as study selection and data
extraction, were performed by a single reviewer, which would yield more errors than the pre-
ferred method of independent review by two reviewers.[18] However, to overcome this issue, a
single reviewer performed full-text screening twice and citation search of the original record
in addition to standard database research.

5. Conclusions

This meta-analysis does not support the hypothesis that KFAC is superior to PC in increasing
muscle-evoked torque and in lessening discomfort levels in adults. However, no conclusion
can be drawn because of a large heterogeneity that cannot be explained by possible confound-
ers and a lack of high quality trials. High quality RCTs comparing the treatment efficacy
between PC and KFAC with the consideration of the potential confounders are warranted to
facilitate the foundation of an effective treatment.

Supporting information

S1 File. PRISMA checklist.
(DOC)

S2 File. MOOSE checklist.
(DOCX)

S3 File. Supplementary methods and tables.
(DOCX)

$4 File. Certificate of English editing.
(PDF)

Author Contributions

Conceptualization: Hirotaka lijima, Yuto Tashiro, Tomoki Aoyama.
Data curation: Hirotaka Iijima.

Formal analysis: Hirotaka Iijima, Tomoki Aoyama.

Funding acquisition: Hirotaka Iijima.

Investigation: Hirotaka Iijima.

Methodology: Hirotaka Iijima, Yuto Tashiro.

Project administration: Hirotaka Iijima.

Resources: Hirotaka Iijima.

Software: Hirotaka Iijima.

Supervision: Hirotaka Iijima, Masaki Takahashi, Tomoki Aoyama.

Validation: Hirotaka lijima.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195236  April 24, 2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195236.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195236.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195236.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195236.s004
https://doi.org/10.1371/journal.pone.0195236

@° PLOS | ONE

PC and KFAC on muscle-evoked torque and discomfort

Visualization: Hirotaka Iijima.

Writing - original draft: Hirotaka Iijima, Masaki Takahashi, Yuto Tashiro, Tomoki Aoyama.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Jones S, Man WD, Gao W, Higginson IJ, Wilcock A, Maddocks M. Neuromuscular electrical stimulation
for muscle weakness in adults with advanced disease. Cochrane Database Syst Rev. 2016; 10:
CD009419. Epub 2016/11/02. https://doi.org/10.1002/14651858.CD009419.pub3 PMID: 27748503.

Maffiuletti NA. Physiological and methodological considerations for the use of neuromuscular electrical
stimulation. Eur J Appl Physiol. 2010; 110(2):223-34. Epub 2010/05/18. https://doi.org/10.1007/
s00421-010-1502-y PMID: 20473619.

Adams GR, Harris RT, Woodard D, Dudley GA. Mapping of electrical muscle stimulation using MRI. J
Appl Physiol (1985). 1993; 74(2):532—7. Epub 1993/02/01. https://doi.org/10.1152/jappl.1993.74.2.532
PMID: 8458767.

Maffiuletti NA, Minetto MA, Farina D, Bottinelli R. Electrical stimulation for neuromuscular testing and
training: state-of-the art and unresolved issues. Eur J Appl Physiol. 2011; 111(10):2391—7. Epub 2011/
08/26. https://doi.org/10.1007/s00421-011-2133-7 PMID: 21866361.

Ward AR, Shkuratova N. Russian electrical stimulation: the early experiments. Physical therapy. 2002;
82(10):1019-30. Epub 2002/09/28. PMID: 12350217.

Ward AR. Electrical stimulation using kilohertz-frequency alternating current. Physical therapy. 2009;
89(2):181-90. Epub 2008/12/20. https://doi.org/10.2522/ptj.20080060 PMID: 19095805.

Robertson VJ, Low J, Ward A, Reed A. Electrotherapy explained: principles and practice: Elsevier
Health Sciences; 2006.

da Silva VZ, Durigan JL, Arena R, de Noronha M, Gurney B, Cipriano G Jr. Current evidence demon-
strates similar effects of kilohertz-frequency and low-frequency current on quadriceps evoked torque
and discomfort in healthy individuals: a systematic review with meta-analysis. Physiother Theory Pract.
2015; 31(8):533-9. Epub 2015/10/16. https://doi.org/10.3109/09593985.2015.1064191 PMID:
26467544.

Medeiros FV, Bottaro M, Vieira A, Lucas TP, Modesto KA, Bo APL, et al. Kilohertz and Low-Frequency
Electrical Stimulation With the Same Pulse Duration Have Similar Efficiency for Inducing Isometric
Knee Extension Torque and Discomfort. American journal of physical medicine & rehabilitation. 2017;
96(6):388—94. Epub 2016/09/30. https://doi.org/10.1097/PHM.0000000000000631 PMID: 27680427

Murad MH, Montori VM, loannidis JP, Jaeschke R, Devereaux PJ, Prasad K, et al. How to read a sys-
tematic review and meta-analysis and apply the results to patient care: users’ guides to the medical liter-
ature. JAMA. 2014; 312(2):171-9. Epub 2014/07/10. https://doi.org/10.1001/jama.2014.5559 PMID:
25005654.

Balshem H, Helfand M, Schunemann HJ, Oxman AD, Kunz R, Brozek J, et al. GRADE guidelines: 3.
Rating the quality of evidence. J Clin Epidemiol. 2011; 64(4):401—6. Epub 2011/01/07. https://doi.org/
10.1016/j.jclinepi.2010.07.015 PMID: 21208779.

Guyatt GH, Oxman AD, Kunz R, Brozek J, Alonso-Coello P, Rind D, et al. GRADE guidelines 6. Rating
the quality of evidence—imprecision. J Clin Epidemiol. 2011; 64(12):1283-93. Epub 2011/08/16.
https://doi.org/10.1016/j.jclinepi.2011.01.012 PMID: 21839614,

Fukuda TY, Marcondes FB, dos Anjos Rabelo N, de Vasconcelos RA, Junior CC. Comparison of peak
torque, intensity and discomfort generated by neuromuscular electrical stimulation of low and medium
frequency. Isokinetics and Exercise Science. 2013; 21(2):167-73.

Vaz MA, Aragao FA, Boschi ES, Fortuna R, Melo Mde O. Effects of Russian current and low-frequency
pulsed current on discomfort level and current amplitude at 10% maximal knee extensor torque. Physi-
other Theory Pract. 2012; 28(8):617—23. Epub 2012/03/13. https://doi.org/10.3109/09593985.2012.
665984 PMID: 22404697.

Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred reporting items for systematic reviews
and meta-analyses: the PRISMA statement. Annals of internal medicine. 2009; 151(4):264-9, W64.
PMID: 19622511.

Shamseer L, Moher D, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015: elaboration and explanation. BMJ.
2015; 349:97647. https://doi.org/10.1136/bmj.g7647 PMID: 25555855.

Stroup DF, Berlin JA, Morton SC, Olkin |, Williamson GD, Rennie D, et al. Meta-analysis of observa-
tional studies in epidemiology: a proposal for reporting. Meta-analysis Of Observational Studies in Epi-
demiology (MOOSE) group. JAMA: the journal of the American Medical Association. 2000; 283
(15):2008—-12. PMID: 10789670.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195236  April 24, 2018 16/19


https://doi.org/10.1002/14651858.CD009419.pub3
http://www.ncbi.nlm.nih.gov/pubmed/27748503
https://doi.org/10.1007/s00421-010-1502-y
https://doi.org/10.1007/s00421-010-1502-y
http://www.ncbi.nlm.nih.gov/pubmed/20473619
https://doi.org/10.1152/jappl.1993.74.2.532
http://www.ncbi.nlm.nih.gov/pubmed/8458767
https://doi.org/10.1007/s00421-011-2133-7
http://www.ncbi.nlm.nih.gov/pubmed/21866361
http://www.ncbi.nlm.nih.gov/pubmed/12350217
https://doi.org/10.2522/ptj.20080060
http://www.ncbi.nlm.nih.gov/pubmed/19095805
https://doi.org/10.3109/09593985.2015.1064191
http://www.ncbi.nlm.nih.gov/pubmed/26467544
https://doi.org/10.1097/PHM.0000000000000631
http://www.ncbi.nlm.nih.gov/pubmed/27680427
https://doi.org/10.1001/jama.2014.5559
http://www.ncbi.nlm.nih.gov/pubmed/25005654
https://doi.org/10.1016/j.jclinepi.2010.07.015
https://doi.org/10.1016/j.jclinepi.2010.07.015
http://www.ncbi.nlm.nih.gov/pubmed/21208779
https://doi.org/10.1016/j.jclinepi.2011.01.012
http://www.ncbi.nlm.nih.gov/pubmed/21839614
https://doi.org/10.3109/09593985.2012.665984
https://doi.org/10.3109/09593985.2012.665984
http://www.ncbi.nlm.nih.gov/pubmed/22404697
http://www.ncbi.nlm.nih.gov/pubmed/19622511
https://doi.org/10.1136/bmj.g7647
http://www.ncbi.nlm.nih.gov/pubmed/25555855
http://www.ncbi.nlm.nih.gov/pubmed/10789670
https://doi.org/10.1371/journal.pone.0195236

@° PLOS | ONE

PC and KFAC on muscle-evoked torque and discomfort

18.

19.

20.

21.

22,

23.

24,
25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Higgins JP, Green S. Cochrane handbook for systematic reviews of interventions: John Wiley & Sons;
2011.

Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE guidelines: 8. Rating
the quality of evidence—indirectness. J Clin Epidemiol. 2011; 64(12):1303—10. Epub 2011/08/02.
https://doi.org/10.1016/j.jclinepi.2011.04.014 PMID: 21802903.

Downs SH, Black N. The feasibility of creating a checklist for the assessment of the methodological
quality both of randomised and non-randomised studies of health care interventions. Journal of epidemi-
ology and community health. 1998; 52(6):377-84. PMID: 9764259; PubMed Central PMCID:
PMC1756728.

Moyer RF, Birmingham TB, Bryant DM, Giffin JR, Marriott KA, Leitch KM. Biomechanical effects of val-
gus knee bracing: a systematic review and meta-analysis. Osteoarthritis and cartilage. 2015; 23
(2):178-88. Epub 2014/12/03. https://doi.org/10.1016/j.joca.2014.11.018 PMID: 25447975

Sanderson S, Tatt ID, Higgins JP. Tools for assessing quality and susceptibility to bias in observational
studies in epidemiology: a systematic review and annotated bibliography. Int J Epidemiol. 2007; 36
(3):666—76. Epub 2007/05/02. https://doi.org/10.1093/ije/dym018 PMID: 17470488.

Deeks JJ, Dinnes J, D’Amico R, Sowden AJ, Sakarovitch C, Song F, et al. Evaluating non-randomised
intervention studies. Health Technol Assess. 2003; 7(27):iii—x, 1-173. Epub 2003/09/23. PMID:
14499048.

Fleiss JL. Statistical methods for rates and proportions. New York: Wiley; 1981.

Deeks JJ, Higgins JP. Statistical algorithms in review manager 5. Statistical Methods Group of The
Cochrane Collaboration. 2010:1-11.

Anzures-Cabrera J, Higgins JP. Graphical displays for meta-analysis: An overview with suggestions for
practice. Res Synth Methods. 2010; 1(1):66—-80. Epub 2010/01/01. https://doi.org/10.1002/jrsm.6
PMID: 26056093.

Cohen J. A power primer. Psychological bulletin. 1992; 112(1):155-9. PMID: 19565683.

Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical
test. BMJ. 1997; 315(7109):629-34. PMID: 9310563; PubMed Central PMCID: PMC2127453.

Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ.
2003; 327(7414):557-60. https://doi.org/10.1136/bm|.327.7414.557 PMID: 12958120; PubMed Central
PMCID: PMC192859.

Allman BL, Rice CL. An age-related shift in the force-frequency relationship affects quadriceps fatigabil-
ity in old adults. J Appl Physiol (1985). 2004; 96(3):1026—-32. Epub 2003/11/05. https://doi.org/10.1152/
japplphysiol.00991.2003 PMID: 14594856.

Falk Delgado A, Falk Delgado A. The association of funding source on effect size in randomized con-
trolled trials: 2013—-2015—a cross-sectional survey and meta-analysis. Trials. 2017; 18(1):125. Epub
2017/03/16. https://doi.org/10.1186/s13063-017-1872-0 PMID: 28292317; PubMed Central PMCID:
PMCPMC5351064.

Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE guidelines: 7. Rating
the quality of evidence—inconsistency. J Clin Epidemiol. 2011; 64(12):1294-302. Epub 2011/08/02.
https://doi.org/10.1016/j.jclinepi.2011.03.017 PMID: 21803546.

Guyatt GH, Oxman AD, Montori V, Vist G, Kunz R, Brozek J, et al. GRADE guidelines: 5. Rating the
quality of evidence—publication bias. J Clin Epidemiol. 2011; 64(12):1277-82. Epub 2011/08/02.
https://doi.org/10.1016/j.jclinepi.2011.01.011 PMID: 21802904.

Aldayel A, Jubeau M, McGuigan M, Nosaka K. Comparison between alternating and pulsed current
electrical muscle stimulation for muscle and systemic acute responses. J Appl Physiol (1985). 2010;
109(3):735—44. Epub 2010/07/03. https://doi.org/10.1152/japplphysiol.00189.2010 PMID: 20595542.

Aldayel A, Muthalib M, Jubeau M, McGuigan M, Nosaka K. Muscle oxygenation of vastus lateralis and
medialis muscles during alternating and pulsed current electrical stimulation. Eur J Appl Physiol. 2011;
111(5):779-87. Epub 2010/10/28. https://doi.org/10.1007/s00421-010-1699-9 PMID: 20978780.

Dantas LO, Vieira A, Siqueira AL Jr., Salvini TF, Durigan JL. Comparison between the effects of 4 differ-
ent electrical stimulation current waveforms on isometric knee extension torque and perceived discom-
fort in healthy women. Muscle Nerve. 2015; 51(1):76-82. Epub 2014/05/09. https://doi.org/10.1002/
mus.24280 PMID: 24809656.

Holcomb WR, Golestani S, Hill S. A comparison of knee-extension torque production with biphasic ver-
sus Russian current. Journal of Sport Rehabilitation. 2000; 9(3):229-39.

Laufer Y, Elboim M. Effect of burst frequency and duration of kilohertz-frequency alternating currents
and of low-frequency pulsed currents on strength of contraction, muscle fatigue, and perceived discom-
fort. Physical therapy. 2008; 88(10):1167—-76. Epub 2008/08/16. https://doi.org/10.2522/ptj.20080001
PMID: 18703676.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195236  April 24, 2018 17/19


https://doi.org/10.1016/j.jclinepi.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/21802903
http://www.ncbi.nlm.nih.gov/pubmed/9764259
https://doi.org/10.1016/j.joca.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25447975
https://doi.org/10.1093/ije/dym018
http://www.ncbi.nlm.nih.gov/pubmed/17470488
http://www.ncbi.nlm.nih.gov/pubmed/14499048
https://doi.org/10.1002/jrsm.6
http://www.ncbi.nlm.nih.gov/pubmed/26056093
http://www.ncbi.nlm.nih.gov/pubmed/19565683
http://www.ncbi.nlm.nih.gov/pubmed/9310563
https://doi.org/10.1136/bmj.327.7414.557
http://www.ncbi.nlm.nih.gov/pubmed/12958120
https://doi.org/10.1152/japplphysiol.00991.2003
https://doi.org/10.1152/japplphysiol.00991.2003
http://www.ncbi.nlm.nih.gov/pubmed/14594856
https://doi.org/10.1186/s13063-017-1872-0
http://www.ncbi.nlm.nih.gov/pubmed/28292317
https://doi.org/10.1016/j.jclinepi.2011.03.017
http://www.ncbi.nlm.nih.gov/pubmed/21803546
https://doi.org/10.1016/j.jclinepi.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21802904
https://doi.org/10.1152/japplphysiol.00189.2010
http://www.ncbi.nlm.nih.gov/pubmed/20595542
https://doi.org/10.1007/s00421-010-1699-9
http://www.ncbi.nlm.nih.gov/pubmed/20978780
https://doi.org/10.1002/mus.24280
https://doi.org/10.1002/mus.24280
http://www.ncbi.nlm.nih.gov/pubmed/24809656
https://doi.org/10.2522/ptj.20080001
http://www.ncbi.nlm.nih.gov/pubmed/18703676
https://doi.org/10.1371/journal.pone.0195236

@° PLOS | ONE

PC and KFAC on muscle-evoked torque and discomfort

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Lein DH Jr, Myers C, Bickel CS. Impact of Varying the Parameters of Stimulation of 2 Commonly Used
Waveforms on Muscle Force Production and Fatigue. The Journal of orthopaedic and sports physical
therapy. 2015; 45(8):634—41. Epub 2015/06/25. https://doi.org/10.2519/jospt.2015.5574 PMID:
26107042.

Scott W, Adams C, Cyr S, Hanscom B, Hill K, Lawson J, et al. Electrically Elicited Muscle Torque: Com-
parison Between 2500-Hz Burst-Modulated Alternating Current and Monophasic Pulsed Current. The
Journal of orthopaedic and sports physical therapy. 2015; 45(12):1035-41. Epub 2015/11/12. hitps://
doi.org/10.2519/jospt.2015.5861 PMID: 26556393.

Snyder-Mackler L, Garrett M, Roberts M. A comparison of torque generating capabilities of three differ-
ent electrical stimulating currents. The Journal of orthopaedic and sports physical therapy. 1989; 10
(8):297-301. Epub 1989/01/01. PMID: 18796954.

Szecsi J, Fornusek C, Krause P, Straube A. Low-frequency rectangular pulse is superior to middle fre-
quency alternating current stimulation in cycling of people with spinal cord injury. Arch Phys Med Reha-
bil. 2007; 88(3):338—45. Epub 2007/02/27. https://doi.org/10.1016/j.apmr.2006.12.026 PMID:
17321827.

Ward AR, Oliver WG, Buccella D. Wrist extensor torque production and discomfort associated with low-
frequency and burst-modulated kilohertz-frequency currents. Physical therapy. 2006; 86(10):1360-7.
Epub 2006/10/03. https://doi.org/10.2522/pt}.20050300 PMID: 17012640.

Laufer Y, Ries JD, Leininger PM, Alon G. Quadriceps femoris muscle torques and fatigue generated by
neuromuscular electrical stimulation with three different waveforms. Physical therapy. 2001; 81
(7):1307-16. Epub 2001/07/11. PMID: 11444994.

Scott WB, Causey JB, Marshall TL. Comparison of maximum tolerated muscle torques produced by 2
pulse durations. Physical therapy. 2009; 89(8):851—7. Epub 2009/06/23. https://doi.org/10.2522/ptj.
20080151 PMID: 19541774.

Scott W, Flora K, Kitchin BJ, Sitarski AM, Vance JB. Neuromuscular electrical stimulation pulse duration
and maximum tolerated muscle torque. Physiother Theory Pract. 2014; 30(4):276—-81. Epub 2014/01/01.
https://doi.org/10.3109/09593985.2013.868563 PMID: 24377662.

Maffiuletti NA, Herrero AJ, Jubeau M, Impellizzeri FM, Bizzini M. Differences in electrical stimulation
thresholds between men and women. Ann Neurol. 2008; 63(4):507—12. Epub 2008/02/27. https://doi.
org/10.1002/ana.21346 PMID: 18300313.

Doheny EP, Caulfield BM, Minogue CM, Lowery MM. The effect of subcutaneous fat thickness on the
efficacy of transcutaneous electrical stimulation. Conference proceedings: Annual International Confer-
ence of the IEEE Engineering in Medicine and Biology Society IEEE Engineering in Medicine and Biol-
ogy Society Annual Conference. 2008;2008:5684—7. Epub 2009/01/24. doi: 10.1109/
IEMBS.2008.4650504. PubMed PMID: 19164007.

Medeiros FV, Vieira A, Carregaro RL, Bottaro M, Maffiuletti NA, Durigan JL. Skinfold thickness affects
the isometric knee extension torque evoked by Neuromuscular Electrical Stimulation. Braz J Phys Ther.
2015; 19(6):466—72. Epub 2015/12/10. https://doi.org/10.1590/bjpt-rbf.2014.0114 PMID: 26647748;
PubMed Central PMCID: PMCPMC4668340.

Ward AR, Robertson VJ, loannou H. The effect of duty cycle and frequency on muscle torque produc-
tion using kilohertz frequency range alternating current. Medical engineering & physics. 2004; 26
(7):569-79. Epub 2004/07/24. https://doi.org/10.1016/j.medengphy.2004.04.007 PMID: 15271284.

Szecsi J, Fornusek C. Comparison of torque and discomfort produced by sinusoidal and rectangular
alternating current electrical stimulation in the quadriceps muscle at variable burst duty cycles. Ameri-
can journal of physical medicine & rehabilitation. 2014; 93(2):146-59. Epub 2013/12/11. https://doi.org/
10.1097/PHM.0000000000000008 PMID: 24322430.

Fitzpatrick RB. PEDro: a physiotherapy evidence database. Med Ref Serv Q. 2008; 27(2):189-98.
Epub 2008/10/11. PMID: 18844091.

Hardy RJ, Thompson SG. Detecting and describing heterogeneity in meta-analysis. Stat Med. 1998; 17
(8):841-56. Epub 1998/05/22. PMID: 9595615.

Thompson SG, Higgins JP. How should meta-regression analyses be undertaken and interpreted? Stat
Med. 2002; 21(11):1559-73. Epub 2002/07/12. https://doi.org/10.1002/sim.1187 PMID: 12111920.

Sanchez B, Pacheck A, Rutkove SB. Guidelines to electrode positioning for human and animal electri-
cal impedance myography research. Sci Rep. 2016; 6:32615. Epub 2016/09/03. https://doi.org/10.
1038/srep32615 PMID: 27585740; PubMed Central PMCID: PMCPMC5009322 on patent applications
in the field of electrical impedance. Neither the patent entitled Electrical impedance myography or the
patent entitled Device for performing electrical impedance myography are directly relevant to this publi-
cation, as both relate to the development of an automated device for human use. However, since both
are in the field of electrical impedance, the authors have disclosed them. Dr. Sanchez receives consult-
ing income from Maxim Integrated, Inc. Dr. Rutkove has equity interest and receives consulting income

PLOS ONE | https://doi.org/10.1371/journal.pone.0195236  April 24, 2018 18/19


https://doi.org/10.2519/jospt.2015.5574
http://www.ncbi.nlm.nih.gov/pubmed/26107042
https://doi.org/10.2519/jospt.2015.5861
https://doi.org/10.2519/jospt.2015.5861
http://www.ncbi.nlm.nih.gov/pubmed/26556393
http://www.ncbi.nlm.nih.gov/pubmed/18796954
https://doi.org/10.1016/j.apmr.2006.12.026
http://www.ncbi.nlm.nih.gov/pubmed/17321827
https://doi.org/10.2522/ptj.20050300
http://www.ncbi.nlm.nih.gov/pubmed/17012640
http://www.ncbi.nlm.nih.gov/pubmed/11444994
https://doi.org/10.2522/ptj.20080151
https://doi.org/10.2522/ptj.20080151
http://www.ncbi.nlm.nih.gov/pubmed/19541774
https://doi.org/10.3109/09593985.2013.868563
http://www.ncbi.nlm.nih.gov/pubmed/24377662
https://doi.org/10.1002/ana.21346
https://doi.org/10.1002/ana.21346
http://www.ncbi.nlm.nih.gov/pubmed/18300313
https://doi.org/10.1590/bjpt-rbf.2014.0114
http://www.ncbi.nlm.nih.gov/pubmed/26647748
https://doi.org/10.1016/j.medengphy.2004.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15271284
https://doi.org/10.1097/PHM.0000000000000008
https://doi.org/10.1097/PHM.0000000000000008
http://www.ncbi.nlm.nih.gov/pubmed/24322430
http://www.ncbi.nlm.nih.gov/pubmed/18844091
http://www.ncbi.nlm.nih.gov/pubmed/9595615
https://doi.org/10.1002/sim.1187
http://www.ncbi.nlm.nih.gov/pubmed/12111920
https://doi.org/10.1038/srep32615
https://doi.org/10.1038/srep32615
http://www.ncbi.nlm.nih.gov/pubmed/27585740
https://doi.org/10.1371/journal.pone.0195236

@° PLOS | ONE

PC and KFAC on muscle-evoked torque and discomfort

56.

57.

58.

59.

60.

61.

from Skulpt Inc. The authors have no other competing interests (political, personal, religious, ideologi-
cal, academic, intellectual, commercial or any other) to declare in relation to this paper.

Gobbo M, Maffiuletti NA, Orizio C, Minetto MA. Muscle motor point identification is essential for optimiz-
ing neuromuscular electrical stimulation use. Journal of neuroengineering and rehabilitation. 2014;
11:17. Epub 2014/02/27. https://doi.org/10.1186/1743-0003-11-17 PMID: 24568180; PubMed Central
PMCID: PMCPMC3938308.

Botter A, Oprandi G, Lanfranco F, Allasia S, Maffiuletti NA, Minetto MA. Atlas of the muscle motor points
for the lower limb: implications for electrical stimulation procedures and electrode positioning. Eur J
Appl Physiol. 2011; 111(10):2461-71. Epub 2011/07/29. https://doi.org/10.1007/s00421-011-2093-y
PMID: 21796408.

Gobbo M, Gaffurini P, Bissolotti L, Esposito F, Orizio C. Transcutaneous neuromuscular electrical stim-
ulation: influence of electrode positioning and stimulus amplitude settings on muscle response. Eur J
Appl Physiol. 2011; 111(10):2451-9. Epub 2011/07/01. https://doi.org/10.1007/s00421-011-2047-4
PMID: 21717122.

Reid RW. Motor Points in Relation to the Surface of the Body. J Anat. 1920; 54(Pt 4):271-5. Epub 1920/
07/01. PMID: 17103903; PubMed Central PMCID: PMCPMC1262878.

Egger M, Zellweger-Zahner T, Schneider M, Junker C, Lengeler C, Antes G. Language bias in rando-
mised controlled trials published in English and German. Lancet. 1997; 350(9074):326-9. Epub
1997/08/02. https://doi.org/10.1016/S0140-6736(97)02419-7 PMID: 9251637.

Liebano RE, Alves LM. Comparagéo do indice de desconforto sensorial durante a estimulagéo elétrica
neuromuscular com correntes excitomotoras de baixa e média frequéncia em mulheres saudaveis.
Revista Brasileira de Medicina do Esporte. 2009; 15:50-3.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195236  April 24, 2018 19/19


https://doi.org/10.1186/1743-0003-11-17
http://www.ncbi.nlm.nih.gov/pubmed/24568180
https://doi.org/10.1007/s00421-011-2093-y
http://www.ncbi.nlm.nih.gov/pubmed/21796408
https://doi.org/10.1007/s00421-011-2047-4
http://www.ncbi.nlm.nih.gov/pubmed/21717122
http://www.ncbi.nlm.nih.gov/pubmed/17103903
https://doi.org/10.1016/S0140-6736(97)02419-7
http://www.ncbi.nlm.nih.gov/pubmed/9251637
https://doi.org/10.1371/journal.pone.0195236

