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Abstract
Background:  Neuromuscular  electrical  stimulation  (NMES)  is  an  important  therapeutic  tool  for
rehabilitation.  However,  best  stimulation  parameters  remain  to  be  determined.
Objective:  To  determine  the  influence  of  different  electrical  stimulation  currents  and  phase
durations on  torque,  efficiency,  and  discomfort.
Methods:  Using  a  cross-over  design,  kHz  frequency  alternating  currents  (KFAC)  and  pulsed  cur-
rents (PC)  with  narrow  (200  �s)  or  wide  (500  �s)  phase  durations  were  randomly  applied  on  knee
extensor muscles  of  healthy  participants  with  a  minimum  of  seven  days  between  sessions.  The
NMES-evoked  torque,  NMES-efficiency,  and  discomfort  (visual  0−10  cm  analogue  scale)  were
measured for  each  stimulation  intensity  increments  (10  mA).  Statistics  were  conducted  using
a three-way  analysis  of  variances  (phase  duration  x  current  x  intensity),  followed  by  Tukey
post-hoc.
Results: Twenty-four  males  (age  22.3  ±  3.5years)  were  included.  No  effect  of  NMES  current
was observed  for  torque,  efficiency,  and  discomfort.  For  wide  phase  durations  (500  �s),  torque
significantly  increased  for  all  stimulation  intensities.  For  narrow  phase  durations  (200  �s)  evoked
torque significantly  increased  only  after  40%  of  maximal  stimulation  intensity.  Phase  durations  of

500 �s  produced  greater  torque  than  200  �s.  Discomfort  was  greater  with  500  �s  when  compared
to 200  �s.  Submaximal  relative  torque,  for  example  40%  of  maximum  voluntary  contraction
(MVC), was  obtained  with  ∼  60%  and  ∼  80%  of  the  maximal  current  intensity  for  500  �s  and
200 �s,  respectively.
∗ Corresponding author at: Universidade de Brasília, College of Ceilândia, Centro Metropolitano, conjunto A, lote 01, 72220-900 Brasília,
F, Brazil.
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Conclusion:  KFAC  and  PC  current  applied  with  the  same  phase  duration  induced  similar  relative
submaximal  and  maximum  evoked-torque,  efficiency,  and  perceived  discomfort.  However,  cur-
rents with  500  �s  induced  higher  evoked-torque,  current  efficiency,  and  perceived  discomfort.
© 2021  Associação  Brasileira  de  Pesquisa  e  Pós-Graduação  em  Fisioterapia.  Published  by  Elsevier
España, S.L.U.  All  rights  reserved.
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euromuscular  electrical  stimulation  (NMES)  is  an  important
herapeutic  tool  for  rehabilitation.1---3 Current  intensity  is
ne  of  the  main  limiting  factors  due  to  the  high  levels  of
erceived  sensorial  discomfort,2,4 which  could  potentially
imit  NMES  effectiveness.5 In  clinical  practice,  gradually
ncreasing  the  intensity  of  the  current  has  been  recom-
ended  to  achieve  a  higher  degree  of  muscle  NMES-evoked

orque  and  strength  adaptions.6,7 In  addition,  it  is  impor-
ant  to  consider  NMES-efficiency,  i.e.  producing  the  highest
orque  output  with  the  lowest  current  intensity.8 Submax-
mal  evoked  torque  levels,  between  5%  and  50%  of  the
aximum  voluntary  contraction  (MVC),  have  been  reported

o  be  effective  for  strengthening  for  orthopedic,  pulmonary,
nd  intensive  care  patients.9---12

Different  NMES  waveforms  have  been  used  to  evoke  con-
ractions.  Conventional  NMES  consists  of  an  electrical  pulsed
urrent  (PC)  with  phase/pulse  durations  <500  �s  delivered
etween  20−100  Hz.13---15 Kilohertz  frequency  alternating
urrent  (KFAC)  is  delivered  with  frequencies  ranging  from

 kHz  to  10  kHz,  applied  at  a  burst  frequency  between  1  Hz
nd  100  Hz,  and  a  burst  duty  cycle  of  10%  or  more.16 KFAC
as  been  proposed  to  minimize  perceived  discomfort  during
timulation.17---19

Previous  studies  have  found  that  KFAC  generated  similar
r  less  torque  than  PC,4,20,21 while  two  systematic  reviews
ith  meta-analysis  have  shown  that  PC  and  KFAC  currents
ave  similar  effects  on  quadriceps  evoked-torque  and  self-
eported  discomfort  in  healthy  individuals.3,15 However,  the
uthors  concluded  that  the  weakness  in  study  designs  pre-
ented  a  strong  conclusion.3,15 Only  two  studies  investigated
ubmaximal  electrically  elicited  contractions  with  PC  and
FAC.  Liebano  and  Alves22 demonstrated  no  differences
etween  KFAC  (2500  Hz  ---  Russian  current)  and  PC  in  per-
eived  discomfort  after  minimal  evoked  torque.  In  contrast,
az  et  al.23 concluded  that  PC  required  significantly  lower
urrent  intensity  and  induced  lower  discomfort  level  (∼50%)
o  achieve  10%  of  MVC  compared  to  KFAC.  Moreover,  NMES
ith  wide  pulse  (500  �s)  induces  higher  NMES-evoked  torque
ompared  to  a  narrow  phase  duration  (250−200  �s)24,25

egardless  of  KFAC  frequency.20 To  date,  to  our  knowledge,
o  study  has  concomitantly  assessed  submaximal  and  max-
mal  evoked-torque  related  to  perceived  discomfort  with
ifferent  NMES  currents  and  phase  durations.

The  purpose  of  this  study  was  to  compare  the

ffects  of  two  types  of  KFAC  (2500  Hz/Russian  current
nd  1000  Hz/Aussie  current  with  200  �s and  500  �s phase
uration,  respectively)  and  PC  (200  �s  and  500  �s phase
uration)  on  submaximal  and  maximum  NMES-evoked
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orque,  NMES-efficiency,  and  NMES-induced  discomfort  on
ealthy  participants.  To  avoid  some  previous  methodologi-
al  bias,  we  used  an  increment  approach  that  allows  a  more
igorous  assessment  of  submaximal  and  maximum  evoked-
orque.

ethods

rial  design

his  study  was  a  randomized,  cross-over,  double-blind  study
omparing  a  protocol  of  gradual  current  intensity  increase
ver  time  for  four  different  NMES  conditions.  Participants
ere  informed  about  the  purposes,  benefits,  and  risks  before
nrollment,  and  all  agreed  to  participate  and  signed  a
onsent  form.  Approval  was  obtained  (protocol  number
2685516.6.0000.0030)  from  the  Research  Ethics  Commit-
ee  of  the  Universidade  de  Brasília  (Faculdade  de  Ciências
a  Saúde,  Brasília,  DF,  Brazil)  in  accordance  with  the  Helsinki
eclaration  of  1975.

articipants

o  be  included  in  the  study,  participants  had  to  be  male,
ged  18---30  years  old,  and  physically  active.  In  addition,  par-
icipants  had  to  present  with  normal  knee  range  of  motion
nd  function  and  report  no  previous  experience  with  NMES.
articipants  who  were  using  non-steroidal  anti-inflammatory
rugs  or  nutritional  supplements,  presented  with  skin  lesions
r  skin  allergies,  had  been  previously  diagnosed  with  neuro-
uscular  diseases,  or  had  external  fixation  or  metal  implants

n  the  lower  limbs  were  also  not  included  in  the  study.
articipants  who  did  not  tolerate  NMES  (due  to  fear  or  hyper-
ensitivity  to  the  stimulus)  were  also  excluded.

andomization  and  allocation  concealment
our  conditions  were  randomly  applied:  (1)  500  �s phase
uration  (PC  500),  (2)  200  �s  phase  duration  (PC  200),  (3)
00  �s phase  duration  and  low  carrier  frequency  (KFAC  500:

 kHz/Aussie  current),  and  (4)  200  �s phase  duration  and
igh  carrier  frequency  (KFAC  200:  2.5  kHz/Russian  current).
omputer-generated  randomization  lists  were  prepared

sing  the  website  www.random.org,  which  sequentially  dis-
ributed  the  participants  into  the  four  conditions.  One
esearcher  (KAM)  prepared  sealed,  opaque,  and  numbered
nvelopes  containing  the  order  of  the  NMES  conditions.
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linding
he  researcher  (NLPD)  who  applied  the  NMES  and  the  par-
icipants  were  blinded  to  treatment  allocation.  This  was
chieved  by  another  researcher  (KAM)  programming  the
MES  unit  and  placing  an  opaque  cover  on  the  NMES  device
anel  to  hide  the  parameters  from  the  researcher  (NLPD)
nd  participants,  except  for  current  intensity.

nterventions

articipants  participated  in  five  sessions,  each  of  which
asted  approximately  2  h  and  were  at  least  seven  days  apart.

 different  type  of  NMES  was  tested  at  each  session.  Each
articipant  was  assessed  at  the  same  time  of  day  in  a
hysical  therapy  research  laboratory  by  the  same  assessor.
articipants  were  asked  to  avoid  stimulants  (e.g.,  alcohol,
affeine,  chocolate)  and  performing  exercises  on  the  test-
ng  days.  The  first  visit  served  to  familiarize  participants
ith  the  measurement  of  MVC  and  the  four  types  of  NMES
urrent.  Two  MVCs  and  two  evoked  contractions  were  ran-
omly  performed  for  each  NMES  condition  to  verify  that
articipants  tolerated  enough  current  amplitude  to  gen-
rate  maximum  induced  evoked  contraction.  Participants
ere  also  asked  about  health  conditions  and  anthropomet-

ic  assessments  were  performed.  Participants  self-reported
heir  activity  level  using  the  International  Physical  Activ-
ty  Questionnaire  (IPAQ)  and  all  reported  participating  in
igorous  aerobic-type  exercise.26

Each  of  the  four  experimental  sessions  was  preceded  by
 warm-up  of  performing  10  submaximal  isokinetic  knee
exions  and  extensions  at  180◦/s.  Then,  peak  voluntary
orque  for  knee  extension  was  assessed  at  60◦ of  knee  flex-
on  (0◦ =  full  knee  extension).  Participants  were  requested  to
erform  three  10-second  MVC  separated  by  a  2-minute  rest
nterval.  During  each  voluntary  contraction,  participants
eceived  verbal  and  visual  torque  feedback.  The  greatest
eak  torque  achieved  was  recorded  and  used  for  further
nalysis.  After  these  measurements,  the  protocol  to  assess
MES-evoked  torque  was  performed.  MVC  and  NMES-evoked
orque  were  obtained  through  an  isokinetic  dynamometer
System  3;  Biodex  Medical  Systems,  Shirley,  New  York).  All
rocedures  were  performed  on  the  dominant  (kicking)  side.
he  four  types  of  NMES  currents  are  described  in  Table  1.
ll  currents  were  delivered  with  an  ‘‘on’’  time  of  10  s  (8  s
f  constant  time  with  1  s  of  decay  and  1  s of  ramp  up)  and
‘off’’  time  of  60  s  for  recovery.27

utcomes

rimary  outcome  was  NMES-evoked  torque.  Secondary  out-
omes  were  NMES-efficiency  and  NMES-induced  discomfort.

MES-evoked  torque  assessment

articipants  were  instructed  to  relax  the  leg  to  avoid  any
oluntary  contraction  and  were  seated  upright  on  the  isoki-

etic  dynamometer.  The  lateral  epicondyle  of  the  knee
as  aligned  with  the  equipment’s  rotational  axis,  and  the
ack  was  reclined  at  approximately  100◦.  Stabilizing  belts
ere  positioned  across  the  chest  and  around  the  hips
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nd  dominant  ankle.  Stimulation  was  produced  using  a
euromuscular  electrical  stimulator  (version  2.0;  Neuro-
yn,  Ibramed,  Amparo,  SP,  Brazil),  connected  to  two  pairs
f  25  cm2 self-adhesive  electrodes  (Valutrode,  São  Paulo,
razil).  The  skin  was  trichotomized  and  cleansed  with  alco-
ol,  and  one  pair  of  electrodes  was  positioned  on  motor
oints  of  the  vastus  medialis  and  vastus  lateralis  muscles
ccording  to  locations  found  by  pen-type  electrodes,  as  pre-
iously  described.28 The  other  pair  was  positioned  close  to
he  proximal  insertion  of  the  quadriceps  muscle,  3---5  cm
elow  the  inguinal  ligament.20

The  intensity  of  the  stimulation  was  gradually  increased
rom  10  mA,  with  10  mA  increments  until  the  participants
eported  having  attained  their  maximal  tolerated  cur-
ent  intensity.  The  NMES-evoked  torque  was  measured
uring  each  contraction.  A  60-second  rest  interval  was
sed  between  each  increase  in  intensity  to  minimize  the
ffect  of  muscle  fatigue.29---32 Evoked  torque  was  normal-
zed  to  the  MVC  using  the  following  equation  [(NMES  evoked
orque/MVC)  ×  100].

MES-efficiency  assessment

MES-efficiency  was  calculated  as  NMES-evoked
orque/current  intensity  (Nm/mA).20,33

iscomfort  assessment

he  discomfort  level  induced  by  the  different  forms  of  NMES
as  measured  using  a  Visual  Analog  Scale  (VAS).  The  scale
as  placed  horizontally,  ranging  from  0  to  10  cm,  0  being  the
bsence  of  discomfort  and  10  being  the  maximum  discomfort
evel  tolerated  by  the  participant.

tatistical  analysis

alues  for  evoked-torque,  VAS,  and  efficiency  are  reported
s  mean  and  confidence  intervals  (95%  CI).  We  used  paramet-
ic  tests  based  on  normal  distribution  (Shapiro-Wilk  test)  and
omogeneous  variances  (Levene’s  test)  of  the  data.  Statis-
ics  were  performed  using  categorized  values.  NMES-evoked
orque  was  categorized  according  to  the  percentage  of  MVC
close  to  each  20,  40,  60,  80,  and  100%  of  MVC).  Stimulation
ntensity  was  also  categorized  according  to  the  percentage
f  maximal  intensity  (close  to  each  20,  40,  60,  80,  and  100%
f  maximal  stimulation  intensity).  A  three-way  mixed-model
NOVA  with  repeated  measures  [two  levels:  duration  (500
nd  200  �s)  ×  currents  (two  levels:  PC  and  KFAC)  x  stimu-
ation  intensity  (five  levels:  20  ×  40  ×  60  ×  80  ×  100%)]  was
erformed.  One-way  ANOVA  was  performed  for  maximum
alues  for  MVC,  absolute  torque,  relative  torque,  perceived
iscomfort,  and  intensity.  In  case  of  a  significant  main  effect
r  interaction,  a  Tukey  post-hoc  test  was  used.  All  statistical
nalyses  and  graphics  design  were  performed  using  Graph-
ad  Prism  6.0  software  (San  Diego,  CA,  USA).  The  sample  size
as  determined  a  priori  using  G*Power  (version  3.1.3;  Uni-

ersity  of  Trier,  Trier,  Germany)  with  the  level  of  significance
et  at  p  =  0.05  and  power  (1-�)  =  0.80  to  detect  a  large  effect
f2  >  0.5).  We  conducted  a pilot  study  with  5  participants  to
valuate  the  effect  size  to  detect  a  significant  difference  of
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Table  1  Description  of  the  physical  parameters  for  the  4  types  of  electrical  stimulations.

Current  type  Current  frequency  (Hz)  Phase
duration  (�s)

Burst
frequency
(Hz)

Burst/interburst
duration  (ms)

Waveform

PC  500  50  500  Square
PC 200  50  200  Square
KFAC 500  1000  500  50  2/18  Sine
KFAC 200  2500  200  50  10/10  Sine
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Note: PC, Pulsed Current; KFAC, kHz frequency alternating curren
All electrical currents had an on-time of 10 s (1 s rise and 1 s of de

3.97  (N.m)  on  the  evoked-torque  (primary  outcome)  and  a
tandard  deviation  of  18.39  (N.m).  Based  on  these  variables,

 final  sample  size  of  24  participants  was  determined.

esults

eneral  observation

aseline  characteristics  (mean  ±  SD)  of  the  24  participants
ere:  age  22.3  ±  3.5  years,  body  mass  76.2  ±  11.4  kg,  height
74  ±  5.5  cm,  and  body  mass  index  24.8  ±  2.9  kg/m2.  There
as  no  skin  or  other  types  of  injury  caused  by  NMES.  KFAC
nd  PC  NMES  waveforms  types  induced  similar  maximum
alues  between  all  stimulation  conditions  for  MVC  and  per-
eived  discomfort  (P  >  .05;  Table  2).  Phase  duration  of  500  �s
roduced  greater  absolute  and  maximum  evoked  torque
han  phase  duration  of  200  �s (P  <  .01);  however,  higher  val-
es  of  current  intensity  were  obtained  with  200  �s phase
uration  (P  <  .01).  Table  3  shows  mean  and  95%  CI  of  all
utcomes  for  each  current  intensity  percentage.

MES-evoked  torque

here  was  a  significant  phase  duration  x  intensity  interac-
ion  for  both  absolute  and  relative  evoked-torque  (P  =  .001
or  both).  No  current  effect  (KFAC  versus  PC)  was  observed
or  absolute  and  relative  evoked-torque  (P  =  0.42  and  P  =  0.2,
espectively).  Accordingly,  data  were  pooled  across  phase
uration  and  intensity  (Fig.  1).  With  the  longer  phase  dura-
ion  (500  �s),  evoked-torque  increased  as  current  intensity
ncreased  (P  <  .001).  For  the  short  phase  duration  (200  �s),

 similar  increase  was  observed  except  when  comparing  20
nd  40%  of  stimulation  intensity  (P  <  .001).  With  the  excep-
ion  of  the  lowest  stimulation  intensity  (20%),  a  long  phase
uration  produced  greater  torque  than  a  short  phase  dura-
ion  (P  <  .01).  In  addition,  evoked  torque  at  40%  of  MVC,
as  obtained  with  ∼  60%  and  ∼  80%  of  the  maximal  tol-
rated  current  intensity  for  500  �s and  200  �s,  respectively
P  <  .001;  Fig.  1A).

iscomfort
he  VAS  value  was  similar  between  all  stimulation  pat-
erns  for  the  maximum  stimulation  intensity  (Table  2).
here  was  a  significant  phase  duration  and  current  inten-
ity  effect  (P  =  .003  and  P  =  .001,  respectively;  Fig.  1B).  No

c
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) and 60 s off-time.

urrent  effect  was  observed  (P  >  .05).  Except  for  the  maxi-
al  stimulation  intensity,  VAS  scores  were  greater  with  long
hase  durations  (500  �s)  compared  to  short  phase  durations
200  �s)  (P  =  .001).  As  expected,  VAS  scores  increased  with
ncreasing  stimulation  intensity  (P  <  .001).

Relative  evoked-torque  revealed  a significant  duration  x
AS  interaction  (P  <  .001,  Fig.  1).  No  current  effect  (KFAC
ersus  PC)  was  observed  (P  =  .82).  The  results  revealed  that
he  greater  the  relative  evoked-torque,  the  greater  the  VAS
P  <  .001).  Moreover,  for  a  given  VAS  score,  wide  phase  dura-
ions  produced  greater  relative  evoked-torque  (P  <  .001).
inally,  at  ∼40%  of  the  NMES-evoked  torque,  for  example,
here  was  a  perceived  discomfort  of  6  cm  and  8  cm  for  the
00  �s and  200  �s phase  duration,  respectively  (P  <  .001;
ig.  1C).

MES-efficiency

egarding  NMES-efficiency,  a  significant  interaction  was
ound  for  phase  duration  and  intensity  (P  <  0.001  and

 <  0.001),  respectively;  Fig.  1D).  No  current  effect  was
bserved  (P  =  0.94).  Results  indicated  that  NMES-efficiency
as  greater  with  a wider  phase  duration  (500  �s versus
00  �s;  P  <  .001)).  In  addition,  NMES-efficiency  increased
ith  increasing  stimulation  intensity  (Fig.  1D;  P  <  0.001).

iscussion

he  effectiveness  of  NMES  is  proportional  to  the  evoked
orque  expressed  here  as  a  percentage  of  MVC.  Several  stud-
es  have  shown  that,  to  evoke  acceptable  contractions  to
nduce  muscle  adaptations,  a high  NMES  intensity  is  needed,
hich  is  limited  by  the  amount  of  discomfort  tolerated
y  the  participants.4,5,9,16,20,34,35 Clinically,  the  amount  of
voked-torque  is  key  to  induce  strength  gains  and  coun-
eract  muscle  wasting  in  different  clinical  populations.  The
esired  evoked  torque  has  been  suggested  to  be  between
5%  and  50%  of  MVC  for  patients  with  orthopedic  problems

leg  immobilization,  anterior  cruciate  ligament  reconstruc-
ion,  and  total  knee  arthroplasty 9,11,36),  between  15%  and
5%  of  MVC  for  patients  with  chronic  obstructive  pulmonary
isease,10 and  less  than  25%  of  the  MVC  for  patients  in  the
ntensive  care  unit.12
In  the  present  study,  independently  of  the  NMES-types,
urrent  intensity  did  not  appear  to  have  a  similar  rela-
ionship  related  to  the  maximum  perceived  discomfort  in
n  attempt  to  produce  submaximal  contractions  (5---50%
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Table  2  Results  of  different  NMES  currents  and  phase  durations.

PC  500  PC  200  KFAC  500  KFAC  200

MVC  max  (Nm) 269  (244,  294) 265  (243,  288)  262  (235,  289)  262  (236,  288)
Absolute torque  max  (Nm)  171a (153,  188)  122  (102,  142)  172a (148,  197)  144  (125,  163)
Relative torque  max  (%  MVC)  71a (62,  79)  56  (44,  67)  72a (60,  84)  65  (52,  77)
Discomfort (0,  10)  9.8  (9.5,  10.0)  9.0  (8.4,  9.7)  9.2  (8.7,  9.8)  9.3  (8.9,  9.8)
Intensity max  (mA)  128  (94,  175)  155b (118,  193)  131  (104,  159)  150b (128,  188)

Values are reported as mean (95% confidence interval). KFAC, kHz frequency alternating currents; NMES, neuromuscular electrical
stimulation; MVC, maximal voluntary contraction; PC, pulsed current.

a Phase durations of 500 �s produced greater absolute and evoked torque maximum than 200 �s.
b Phase durations of 200 �s displayed higher values of intensity when compared 500 �s.

Table  3  Results  of  different  NMES  currents  and  phase  durations  for  each  stimulation  intensity.

Outcome  PC  500  PC  200  KFAC  500  KFAC  200

Absolute  torque
(Nm)

20%  7.1  (3.7,  10.6)  3.4  (2.3,  4.6)  6.1  (2.3,  10)  3.9  (2.6,  5.3)
40% 48.1  (33.7,  62.3)  13.8  (6.5,  21.2)  45.9  (27.2,  64.6)  19.2  (9.1,  29.3)
60% 105.5  (84.1,  126.9)  48.8  (32.8,  64.9)  100.1  (76.6,  123.6)  63.9  (46.5,  81.2)
80% 149.1  (129.1,  169.1)  84.4  (64.8,  104.1)  146.8  (120.1,  172.7)  111.8  (90.6,  133.0)
100% 170.7  (153.1,  188.3)  122.1  (101.9,  142.3)  172.3  (147.9,  96.6)  144.1  (125.1,  163.2)

Evoked torque
(Nm)

20%  3.1  (1.5,  4.5)  1.2  (0.8,  1.6)  2.9  (1.1,  4.8)  1.5  (0.8,  2.1)
40% 18.7  (13.1,  24.3)  5.9  (2.5,  9.4)  23.9  (15.1,  32.7)  7.8  (3.4,  12.1)
60% 42.1  (32.5,  51.5)  22.1  (14.1,  30.1)  47.6  (36.5,  58.6)  27.4  (19.5,  35.3)
80% 58.3  (47.6,  68.9)  36.4  (26.3,  46.5)  64.9  (52.1,  77.7)  45.6  (34.9,  56.2)
100% 70.5  (62,  79.)  55.6  (43.9,  67.2)  72.  (59.9,  84.1)  64.5  (51.7,  77.4)

Discomfort (0,  10) 20%  1.6  (1,  2.2)  0.7  (0.5,  1.)  1.1  (0.8,  1.3)  0.8  (0.6,  1.)
40% 3.1  (2.5,  3.6)  2.3  (1.8,  2.8)  2.9  (2.5,  3.4)  2.3  (1.9,  2.7)
60% 5.3  (4.7,  5.8)  4.6  (4.0,  5.2)  5.2  (4.7,  5.7)  4.8  (4.3,  5.3)
80% 7.8  (7.4,  8.2)  6.8  (6.1,  7.5)  7.8  (7.2,  8.3)  7.3  (6.9,  7.7)
100% 9.7  (9.5,  10)  9.  (8.3,  9.6)  9.2  (8.6,  9.7)  9.3  (8.8,  9.7)

NMES efficiency
(Nm/mA)

20%  14.8  (5.3,  24.3)  6.2  (4.1,  8.3)  13.3  (7.9,  22.6)  13.3  (6.9,  19.7)
40% 59.8  (27.8,  91.7)  14.9  (6.3,  23.5)  46.9  (33.2,  60.6)  7.5  (4.4,  10.7)
60% 79.3  (60.9,  97.8)  36.8  (23.4,  50.2)  70.1  (54.5,  85.5)  19.5  (8.6,  30.4)
80% 81.1  (65.1,  97.1)  45.5  (32.9,  58.1)  72.8  (59.8,  85.9)  45.7  (32.5,  58.9)
100% 72  (59.9,  84.1)  55.6  (43.9,  67.2)  70.5  (62.2,  78.8)  64.5  (51.7,  77.4)

Data are reported as mean (95% CI).
KFAC, kHz frequency alternating currents; NMES, neuromuscular electrical stimulation; MVC, maximal voluntary contraction; PC, pulsed
current.
The P value for the factor ‘‘Phase Duration’’ is <.01 for all variables.
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The P value for the factor ‘‘Current Type’’ is >.05 for all variable
The P value for the factor ‘‘Current Intensity’’ is <.01 for all varia

f  evoked-torque).  For  example,  we  reached  the  tolera-
le  NMES-efficiency  of  stimulation  (∼40%  of  evoked-torque)
sing  a  moderate  intensity  (∼60%  of  maximum  intensity)
nd  discomfort  range  (VAS  ∼6)  for  500  �s of  phase  duration.
nterestingly,  to  reach  the  same  NMES-efficiency  of  stim-
lation  (∼40%  of  evoked-torque)  it  was  necessary  to  use
igher  current  intensity  (∼80%  of  maximum  intensity)  and
igher  perceived  discomfort  (VAS  ∼8)  for  200  �s  of  phase
uration.  This  percentage  of  torque  induced  by  NMES  in
his  example  (∼40%)  has  been  recommended  for  strength
ains.2,11,12,37,38 Considering  that  the  key  factor  for  opti-
izing  NMES  effectiveness  has  been  related  to  the  level  of
voked-torque  with  a  low  perception  of  discomfort,2,38 our
esults  clearly  demonstrated  that  it  is  more  suitable  to  evoke
orque  with  lower  current  intensities  mainly  for  wider  phase
uration.

f
c
K
a

59
.

The  present  study  also  analyzed  the  NMES-efficiency
f  a  given  stimulation  condition  through  the  relation-
hip  between  torque  and  current  intensity,  which  means
igher  torque  output  when  applying  the  lowest  current
ntensity.20,25 The  NMES-efficiency  was  similar  for  both  types
f  currents  (KFAC  ×  PC)  when  using  matched  phase  dura-
ion  and  phase  charge.  Our  results  indicate  no  difference
n  NMES-evoked  torque,  NMES-efficiency,  and  NMES-induced
iscomfort  between  KFAC  and  PC.  This  is  consistent  with  the
esults  of  a well-conducted  systematic  review  by  Vaz  and
rasson3 who  concluded  that  KFAC  generates  equal  or  less
orce,  equal  or  more  fatigue,  and  equal  or  more  discom-

ort  compared  to  PC  for  quadriceps  stimulation.  Taking  the
urrent  evidence  together,  physical  therapists  could  choose
FAC  or  PC  and  would  expect  similar  force  generation  as  well
s  similar  perceived  discomfort.
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Figure  1  (A)  Evoked  Torque  (%  MVC)  versus  Intensity  (%  of  max);  (B)  Discomfort  (VAS)  versus  Intensity  (%  of  max);  (C)  Evoked
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Conflicts of interest
orque (%  MVC)  versus  VAS  (scale  no);  (D)  Relative  Efficiency  vers
ifferences  compared  to: $ 20%  of  intensity  (200  �s);  *  20%  of  in

Interestingly,  some  studies  demonstrated  that  different
urst  duration  waveforms  can  affect  NMES-evoked  torque.
ellew  et  al.24 demonstrated  that  interferential  current
2500  Hz  and  burst  duration  of  20  ms)  and  burst-modulated
ulsed  current  (1765  Hz  and  burst  duration  of  1.7  ms)  gen-
rated  higher  evoked  torque  than  Russian  current  (2500  Hz
nd  burst  duration  of  1.7  ms).  They  also  demonstrated  that
urst-modulated  pulsed  current  in  a  lower  frequency  of  KFAC
nduced  less  discomfort  when  compared  to  the  higher  fre-
uency  of  KFAC.24 Those  results  are  in  agreement  with  our
esults  that  revealed  a  dependency  on  burst  duration  for
FAC  with  different  phase  duration.  KFAC  with  burst  dura-
ion  of  2  ms  induced  higher  evoked  torque  compared  to  the
FAC  with  burst  duration  of  10  ms.  While  Bellew  et  al.24,39

id  not  compare  KFAC  with  different  burst  duration  with  PC,
t  is  reasonable  to  expect  that  KFAC  modulated  with  long
hase  duration  or  lower  burst  is  more  suitable  for  higher
MES-induced  torque.

Curiously,  no  participants  were  excluded  due  to  NMES
ntolerance,  and  this  may  be  related  to  the  incremental
ntensity  method,  as  well  as  the  familiarization  performed
n  the  first  session.  In  previous  studies  that  reported  this
nformation,  20%  of  volunteers,  on  average,  were  excluded
ue  to  intolerance  to  NMES.4,16 It  seems  that  current  accom-
odation  increases  during  each  NMES  session,  as  well  as
uring  the  treatment  session.  This  fact  could  also  be  related

o  the  decreasing  apprehension  as  the  participants  become
amiliar  with  the  NMES  device  and  sessions.40 T

59
tensity  (%).  Values  are  Mean  and  95%  CI.  Statistically  significant
ity  (500  �s); # between  500  �s  and  200  �s,  p  ≤  0.05.

tudy  limitations

he  present  study  has  some  limitations.  Only  healthy  young
ale  participants  of  relatively  low  body  mass  index  were

ssessed.  Between  13  and  16  NMES  induced  muscle  contrac-
ions  were  performed  within  a  single  testing  session.  Despite
n  interval  of  60  s  between  contractions,29---32 it  is  possible
hat  muscle  fatigue  may  have  influenced  the  results.  Aldayel
t  al.34 evaluated  40  contractions  in  a  single  session  and
bserved  that  the  best  current  analysis  occurs  on  average  in
he  10th  to  17th  NMES  contractions.  Thus,  it  is  possible  to
uggest  that  our  NMES  protocol  did  not  generate  sufficient
uscle  fatigue  to  reduce  muscle  performance.

onclusion

FAC  and  PC  applied  with  the  same  phase  duration
nduced  similar  relative  submaximal  and  maximum  evoked-
orque,  efficiency,  and  discomfort.  However,  currents  with
ide  pulse  evoked  greater  torques,  higher  current  NMES-
fficiency,  and  higher  perceived  discomfort  compared  to  the
arrow  phase  duration  currents,  both  in  submaximal  and
aximum  conditions.
he  authors  declare  no  conflicts  of  interest.
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