
The Effect of Different Electro-Motor Stimulatjon
Training Intensities on Strength Improvement

The effect of different training intensities of
electro-motor stimulation (EMS) on strength
gains produced in the quadriceps femoris mus
cle group was investigated. Twenty-four sub
jects were randomly assigned to one of three
groups: Control (C), Low Intensity (LI) trained at
25% of their maximum voluntary isometric con
traction (MVIC), and High Intensity (HI) trained
at 50% of MVIC. Results indicated a significant
strength improvement in both training groups
(p<O.01) following a three-week EMS training
program. The HI group showed significantly
greater strength gains (48.5%) than the LI group
(24.2%) (p<O.01). A significant carry-over effect
was also demonstrated in a three-week follow
up period, specifically in the HI group. Positive
isokinetic strength changes in the concentric
mode were observed in both training groups. In
addition, a significant cross transfer effect was
demonstrated in the contralateral homologous
muscle group {p <0.01) for both Hland LI groups.

HON SUN LAI

Hon Sun Lai, M. App. ScL, Prof. Dip. (Physio), Grad.
Dip. Sports Physio, is currently involved in research
in the area of electro-motor stimulation and muscle
function.

GIOVANNI DE DOMENICO

Giovanni De Domenico, Ph.D., M.Sc., Grad. Dip.
(Physiotherapy), Dip. T.P., M.C.S.P., is a Senior Lee..
turer in the School of Physiotherapy at the Curtin
University of Technology, Western Australia.

GEOFFERY R. STRAUSS

Geoffery Strauss, M.P.E., is a Lecturer in the School
of Physiotherapy at the Curtin University of Tech
nology, Western Australia.

This paper is based on a thesis presented as part of the require
ments for the degree of Master of Applied Science, in the School
of Physiotherapy, Curtin University of Technology. It stems from an
on-going research program on muscle stimulation which is being
undertaken in the Centre of Applied Research in Exercise Science
and Rehabilitation in the School of Physiotherapy at Curtin University
of Technology.

Electrical stimulation has been used
for centuries by the medical profession
for therapeutic and diagnostic pur
poses (see Stillwell 1983 and Geddes
1984 for extensive reviews). In the
rehabilitation setting, electro-motor
stimulation (EMS) has been utilized by
physiotherapists to re-educate muscle
action (Williams and Street 1976, Ben
ton et 0/.1981), retard muscle atrophy
(Gould et 0/1983, Morrissey et 0/1985),
decrease spasticity (Alferi 1982, Bajd
et .al 1985) and enhance muscle per
formance (Benton etal 1981, Stillwell
1983). In the treatment of weak or
atrophied muscle, it is frequently used
as an adjunct to voluntary resisted ex
ercise to improve muscle. function (Er
iksson and Haggmark 1979, Laineyet
aI1983).

In recent years a.number of studies
have investigated the effects of EMS
on .muscle strength (see Kramer and
Mendryk 1982, Lloyd etal 1986 for

reviews). Many of these studies have
focused on the relative effectiveness of
EMS and voluntary exercise in increas
ing muscle strength. Both normal
healthy muscle and weak atrophic mus
clehave been studied .in these investi
gations,and varying degrees of success
have been reported in the use of EMS
to improve strength.

The interest in using EMS to
strengthen normal healthy muscle was
heightened when Dr. Yakov Kots, a
Russian researcher, reported his results
in 1977. Kots claimed that there were
rapid and dramatic isometric strength
gains (up to 40070), increased velocity
of muscle contraction,and better en
durance performance ofmuscle follow
ing EMS training in highly trained ath
letes (cited in Halbach and Straus 1980
and Kramer and Mendryk 1982). Since
then,a considerable number of re
searchers have attempted to duplicate
the success of Kots' study. Thus far,

very few studies have been able to pro
duce results comparable to Kots' study
(see Lloyd et al 1986 fora review).

It hasheen very difficult to compare
the results of different studies directly
due particularly to the lack of stand
ardizationand the tremendous varia
tions which exist .in the method of EMS
application, training and testing pro
tocols (Singeret al 1987). One of the
major factors that makes comparison
of studies difficult is the control of the
EMS training intensity.

The training intensity of EMS can
be defined as the amount of·muscle
force produced by the electrically· in
duced contractions during the training
program. InBMS training studies, the
relationship between EMS training in...
tensity.and strength gains has been
poorly documented and has· not been
systematically .investigated.

Many EMS studies have utilized the
maximum tolerated isometric contrac-
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Electro-Motor Stimulation and Strength Improvement

tion (MTIC) as the training intensity
(see Table 1 in Lloyd et aJ 1986). The
MTICreflects the maximum intensity
of current that can be tolerated bya
subject in producing a tetanic contrac
tion of the stimulated muscle. The
MTIC .is highly variable, depending on
the individual's compliance and pain
tolerance. A large variation in the"
training intensity is implied because of
this factor. The use of theMTICas a
means of standardizing the training in
tensity is therefore questionable and
probably not ·the optimal method of
controlling the induced force levels,
during a training session.

Some studies have measured the
training intensity in terms of EMS in
duced torque (Laughman etal 1983,
Currier and Mann 1983, Kramer et af
1984, Walmsleyetal 1984, Selkowitz
1985, Mohr et af 1986,Kubiak et al
1987). The EMS induced torque is usu
ally expressed as a percentage of the
maximum voluntary isometriccontrac
tion (MVIC), and the pre-test MVIC
measurement is most often used as the
baseline reference for measuring train
ing intensity.

The method of calculating the train
ing intensity has been inconsistent in
the literature. Studies have measured a
single contraction in a single training
session (Owens and Malone 1983), or
a single contraction in each dailyses
sion (Laughman et at 1983).Consid
ering current accommodation and var
iation in individual tolerance, the EMS
induced torque can vary significantly
from one contraction to another. Thus
it may not be valid to estimate the
overall mean training intensity by
measuring only a few contraction
torques during the course of EMS
training.

Other authors (Currier and Mann
1983, Selkowitz 1985, Kubiak et of
1987) have consistently .measured the
torque values of each EMScontraetion
for the calculation of the overall mean
training intensity. Selkowitz (1985) re
ported a wide range of 'training con..
traction intensities' from 29.98070 to
164.8UJo ·of pre-test MVIC, confirming

the variability of theMTIC. The mean
training intensity in his study was 91 070
of pre-test MVIC with a resultant
strength gain of 44070 of pre-test MVIC.
Currier and Mann (1983) reported a
training intensity of 670/0 for the EMS
group and a strength gain of 14070.
Laughman et al (1983) trained the EMS
group at 33070 and reported a 22070
strength gain. Stefanovska and Vodov
nik (1985) trained subjects at an ex
ceptionally low intensity of 5070 of pre
test MVIC and produced 13070 and 25010
strength increases in the two EMS
groups. Kubiak et al (1987) trained
subjects at a minimum intensity of 45070
of pre-test MVIC and produced 33070
of isometric strength gains. They con
cluded that there was no consistent cor..
relation hetween stimulus intensity and
the amount of indicated muscle ten
sion. The discrepancies in the above
results suggest the need for further re...
search focusing on the relationship be
tween training intensity and strength
gains.

De Domenico and Strauss (1987)
suggested that the peak intensity of the
EMS stimulus was the main determi
nant of induced muscle force. Thus it
may be argued that higher stimulus
intensity ·levels, producing higher con
tractIon forces, might be required in
order to achieve effective training .re
suIts. Some authors have suggested that
a minimum contraction force, ranging
from 35070 (Muller 1957),60070 (Walms
ley et al 1984) to 65070 (Owens and
Malone 1983), is required for muscle
strengthening. There is no agreement
in the literature on the relative force
level which produces optimal strength
gains framEMS training.

There has not been sufficient re..
search investigating the effect of train
ing intensity on the resultant strength
gains from EMS training. Further
more, quantifying the training·intensity
would facilitate comparison of the
training effects of EMS with other
strength training methods such as iso..
metric exercise. At present, many of
the investigations comparing EMS with
isometric exercise have not equated the

training intensities of the various train
ing modes. Currier and Mann (1983)
recorded mean training efforts of
119.1070 of pre-test MVIC for an ex
ercise group, 66.70/o·for an EMS group
and 88.4070 fora combined group.
Laughman et al (1983) compared EMS
at 33070 training intensity with volun
tary exercise at 780/0, and concluded
that electrical stimulation was equally
effective as isometric exercise. Their
results may reflect the differences in
the training intensity, rather than the
relative efficiency of EMS versus vol
untary exercise.

The primary purpose of this study
was to examine the effects of different
pre~determined EMS training intensi
ties, on strength gains produced in the
quadriceps femoris muscle group.

The study addressed the following
research questions:
(a) Does EMS training produce sig

nificant strength gains when com
pared to a control group (no train
ing)?

(b) Does a high EMS-induced training
force level produce a greater
strength gain than that produced
by a low EMS-induced training
force level?

(c) Is the strength gain produced by
EMS specific to the mode of mus
cle contraction (isometric versus
isokinetic)?

(d) Does EMS training produce
strength gains in the contralateral
homologous muscle group (across
transfer effect)?

(e) Can the strength gain from ·EMS
training be maintained following
the completion of the training pro
gram (a carry-over effect)?

(f) Does theMTIC change during the
course of training and is it related
to the training intensity?

Methodology
ResearcbDesign

This study utilized a control group
and two experimentaIgroups.The low
intensity experimental group (LI) re
ceived stimulation to·· produce a force
equal to 25070 of MVIC.The high in--
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Figure 1: Summary of the research deSign
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Pre..Test

Post-Test

Control Group

Control Group

No Training +
Weekly Re-test

Supplies Ltd., U.K.), delivering a cur
rent with a frequency of 50 Hz and
waveform as shown in Figure 2.

The electrodes used, and the sub
ject's, positioning were as described by
De Domenico and Strauss (1986) for
the electrical stimulation of the quad
riceps femoris muscle group.

LI Group
25% MVIC

3 Weeks EMS
Training +

Weekly Re..test

HI Group
50% MVIC

Experimental
Group

3 Weeks Post-Training Follow UP
(Carry-Over Effect)

3 Weeks EMS
Training +

Weekly Re..test

Instrumentation and Measurement
Procedures

Electrical stimulation was provided
by a MINIDYNE III (Electro-Medical

writing from each subject after reading
a document explaining the purpose and
procedures of the experiment.

Week 7 - Week gO

Week 4 - Week 60

Week 1 - Week 30

Begin. of Week 7 0

Subjects
Twenty-four volunteer university

students (12 males and 12 females) par
ticipated in this study. The subjects
were distinguished on the basis of gen
der and then randomly assigned into
one of three groups as follows:
1. Control group (C), (N =8, 4 males

and 4 females; mean age = 23.3,
SD = 3.38)

2. Low intensity group (LI), (N = 8, 4
m and 4 f; mean age = 24.8, SO
= 3.42)

3. High intensity group (HI), (N =8,
4 m and 4 f; mean age = 26.8, SO
= 3.37)

The main criteria for subject selec
tion were:
• no present or previous history of

neurological or orthopaedic impair
ment of the lower limbs;

• no involvement in any form of lower
extremity strengthening program for
at least one month prior to the study,
and up to the completion of the en
tire study;

-an ability to tolerate the assigned
EMS stimulation intensity.
Informed consent was obtained in

tensity experimental group (HI) re
ceived stimulation to produce a force
equal to 50070 of MVIC. The .control
group (C) underwent testing proce
dures only (they received no EMS
training).

The two EMS training groups under
went a three-week training period of
five daily sessions per week, or fifteen
sessions altogether . Each group re
ceiveda total of 450 individual con
tractions, receiving approximately
2,250 seconds of stimulation (5s per
contraction). The subjects in all three
groups were compared for pre- and
post-test strength changes in. isometric
and isokinetic knee extension torques.
Following EMS training there was a
three-week follow-up period to evalu
ate any carry-over effects in the train
ing groups. The entire study. was con
ducted over anine~week period. The
research design is summarised in Figure
1.
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Figure 2: Diagram showing the current waveform and stimulus charac
teristics of the Mlnidyne JII electrical stimulator

The electrodes were covered by a plas
tic sheet and then a towel in order to
keep the skin surface warm and moist.
The plastic sheet and the electrodes
were fastened in place with Nylatex
straps (Chattanooga Corp.).. The thigh
and pelvis were held by two webbing
straps, and the lower leg was secured
onto the leg pad with a Nylatex strap.

The experimenter >was responsible for
adjusting the controls of the stimulator
(Minidyne III). Current intensity was
adjusted until the contractile force

-reached the appropriate training inten
sity (25070 or 50OJoMVIC), as indicated
by the torque readings on the computer
monitor. The experimenter monitored
the torque readings continuously and
adjusted the current intensity to main
tain the appropriate level of force out
put.

The MVIC of each subject was re
tested at the beginning of the first

T

10V

1..

0-175V

r- 20msec~

.-.., r-- 19.3 msec -t/ r--
200J,lsec 1~5msec

The stimulus characteristics are as follows:
Stimulator Minidyne HI
Waveshape Biphasic AsymetricatSpike
Frequency 50Hz
Pulse Width 200 microsec
InterpuIse (peak-peak) 20 msec
Surge Period 1-5 sec ON, 1-5 sec OFF

Training Procedures
Each subject in the experimental

groups received fiveconsecutive,daily
sessions of training per week for three
weeks. Each 8essionconsisted of three
sets of ten contractions (58 on and 5s
off per contraction) with a rest period
ofone minute between each set of con
tractions.

Each subject was positioned on the
dynamometer plinth ina similar posi
tion to the isometric testing procedure.
The left thigh of each subject was
cleaned with warm water and soap to
reduce the surface resistance. The two
surface electrodes were encased in
sponge pads which were previously
soaked in a hot 5OJo Savion solution.

centric muscle force were recorded. The
measurements were then repeated on

.. the knee extensors of the contralateral
limb.

A robotic dynamometer (Kinetic
Communicator [KIN/COMlChattecx
Corp., U.S.A.) was used to measure
and analyse all muscle force produc
tions.

Pre-Test Procedures
Prior to EMS training all subjects

participated in three sessions of pre
test measurements; once a week for
three consecutive weeks. The first ses
sion was used for familiarization and
no data were recorded. The subsequent
sessions were used to determine the
pre-test MVIC strength for both limbs.
The pre-test MVIC values of the non...
dominant limb ·were then used to cal
culate the training intensities of the LI
and HI groups at 25070 and 50070 MVIC
respectively. The pre-test MTIC in the
non-dominant limb was recorded at the
beginning of the first EMS training
session. Each subject was seated with
the pelvis and thigh of the non-domi
nant limb secured by two webbing
straps. The hip was maintained at 60
degrees of flexion from neutral, by re,;,
clining the subject at 30 degrees from
the verticaL The arms were crossed in
front of the chest, with the back re
clining against a back support (De Do
menico and Strauss ·1986).

In isometric strength testing, the knee
was positioned 60 degrees from full
extension. Each subject performed two
sub-maximal warm-up trials, and then
three maximum isometric kneeexten
sions to determine the MVIC strength.
The subjects were instructed to push
as hard as possible against the leg pad
for five seconds until the force output
line reached a plateau.. A two-minute
rest period followed each contraction.
All the testing procedures were re
peated on the dominant limb.

For isokinetic testing, the range of
movement was measured by thedy
namometer from full extension to 90
degrees of knee flexion.. The velocity
of movement was set at 60 degrees per
second. The subjects again performed
two sub-maximal warm-up trials prior
to the actual testing. Three measure...
ments of maximum concentricandec-
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Table 1:
Summary of the mean absolute MVIC strength changes in the trained
and untrained limbs(* denotes significant change)

MVICStrength

Pre-Test Post-test % Change Significance
Trained Limb

HI 159.7 232.9 48.49 p<0.001*
(50.4) (59.2) (17.8)

LI 172.0 214.9 24.6 p<0.005*
(48.4) (66.3) (13.8)

Control 166.6 188.5 O~69 p>0.710
(42.9) (49.7) (7.09)

Untrained Limb
HI 158.5 198.5 24.1 p<O.002*

(41.9) (61.7) (11.2)
LI 165.1 194.3 18.1 p<O.029*

(36.2) (64.3) (17.9)
Control 175.7 180.2 3.29 p<O.040*

(40.5) (37.8) (9.5)

training session of the second and third
weeks of training. Subsequently, ·the
training intensity was adjusted accord...
ing to the new MVIC measurement. In
the last training session· of each week,
the MTIC of each subject was re-tested.
When testing the MTIC value, the ex
perimenterwas responsible for gradu
ally increasing the current amplitude
until the subject indicated his/her max
imum tolerance. The subject was asked
to tolerate one more contraction at this
current intensity before the current was
discontinued. Subjects were asked to
avoid changing their normal activities
during the entire nine~week period.

Post-Test Procedures
When EMS training was completed,

all subjects including the control group
were re-tested for both isometric and
isokinetic torque measurements in both
limbs.

In the subsequent three-week period
following post-test measurement, the
subjects in the experimental groups
were re-tested once a week to determine
any carry-over effects from EMS train
ing.Only the MVIC of the trained
quadriceps femoris muscle was re-tested
in this procedure.

Data Handling and Analysis
In order to allow adirect comparison

between each group, the absolute
torque values for the performance of
each subject were normalized with ref
erence to their pre-test measurements.
The pre-test values were taken as 100070
and subsequent measurements·wereex
pressed in porportion to this value.

Raw data obtained were tested by
multivariate analysis of variance
(MANDVA) to compare the strength
improvement within groups and be...
tween groups. A repeated measure with
one factor fixed design was used. The
difference between pre- and post..test,
and.left and right sides and two genders
were evaluated. The interaction of left
and right sides,by pre-and post-test
measurements were also examined. A
p < 0.05 significance level was accepted
as the minimum level of significance
in the statistical analysis.

Results
In general terms, the results indi

cated a significant strength improve..
ment in the HI and LI groups
(P<O.Ol), whereas the control group
did not show any significant strength
improvement. This improvement in the

two experimental groups declined in
the follow-up period.

Comparing the HlandLI groups,
the strength gains were significantly
greater in the HI group (p<O.Ol). This
indicates a positive relationship be
tween the training intensity and strength
gains. The MVIC changes of the three
groups during the EMS training period
and the three-week follow-up period
are summarised in Figure 3. The data
on force production for each subject
have been normalized to their pre-test
measurements (pre-test measurements
equallOOOJo). This allows a direct com
parison between subjects and between
groups.

Isometric StrengtbChanges in the
Trained Limb

Both training groups demonstrated
a significant improvement in MVIC
strength (at 60 degrees of knee flexion)
over the three-week training period
(p<O.Ol). No significant ·strength im
provement was observed in the control
group_ A mean increase of 48.5070 was
noted in the HI group,and 24.2070 in
the LI group, while the control group
showed ·no strength change. The mean
increase in post-test MVIC of the HI
group was significantly greater than the
Llgroup (p<O.05). While the HIgroup
demonstrated consistent increases from
week to week, the Llgroup .showed a
significant increase from week one to
week two (p<O.05), but almost pla
teaued by week three.

The results are depicted in Figure 3
together with a summary table of the
MANOVA. The absolute isometric
strength changes after three weeks
of EMS training are summarised in
Table I.

The Carry-over Effect after EMS
Training

Both the HI and LI groups were re
tested for MVIC of the training limb
once a week for three weeks following
the completion of EMS training. The
isometric strength gain ,of the HI gr.oup
dropped frolll 48.5070 >to 24~8OZo> of
MVIC by the end of the· .three~week
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200
• Control

~ LI Group

I HI Group

were recorded. The results are reported
in Figure 5. The pre-and post-test val
ues for maximum isometric strength in
the untrained, contralateral quadriceps
muscle are summarized in Table 1.

Figure 3: Summary of the changes in MVIC strength in the trained limb,
and a summary of the MANOVA (* denotes significant change)

Testing and Training Period

Source of
Variation 58 OF MS F Sig. of F

Group 1048.89 2 524.44 0.14 0.868
Sex 94304.54 1 94304.54 25.69 0.000*
Prepost 4531~97 1 4531.97 13.96 0.002*
Group by Sex 19384.93 2 9692~47 2.64 0.099
Group by Prepost 1263.03 2 631.51 1~95 0.172
Sex by Prepost 1086.03 1 1086.03 3.35 0.084
Group by Sex by Prepost 589.25 2 294.62 0.91 0.421

follow-up period. This was still sig
nificantly greater than the pre-test
MVIC value (p<0.05). During the
same period, the strength gain of the
LIgroup decreased from 24.2070 to
12.8070 which was not significantly
greater than the pre-test value. Thus
the HI group showed better strength
retention than the LI group in the three
week follow-up period. The results are
depicted in Figure 4 together with a
summary table of the .MANOVA.

Isokinetic Strength Improvement
Isokinetic strength was measured as

the work performed during maximal
concentric (CON) and eccentric (ECC)
muscle actions. Work is the area under
each of the concentric and eccentric
strength curves. There were significant
differences between the pre- and post
test concentric muscle work of the
trained limb in the HI and LI groups
(p <0.01). No significant concentric
strength improvement was observed .in
the control group. TheHIandLI
groups showed a 22.2070 and a 12.3070
increase in concentric muscle strength
respectively. For the untrained limb,
there were no significant changes· .in
concentric muscle strength for an three
groups.

For eccentric muscle strength, there
were no significant differences between
the pre-test values,in either the trained
or untrained limbs of all three
groups. The results are demonstrated
in Figure 6.

Changes in.the MTIC During Training
The maximum tolerated isometric

contraction (MTIC) was measured at
pre-test and weekly intervals during the
three-week training period. The MTIC
measurement was expressed as a per
centageof- the MVIC .strength of that
particular training week. This was to
take into account the strength gain re
sulting from EMS training of each
week. TheMANOVA statistics showed
that there were significant increases in
theMTICstrength in the two training
groups after three weeks of EMS
training (p<O.Ol). The mean MTIC
increased from 56.6070 of pre-testMVIC
to 72.7070 at post-test in the HI group,
and from 43.4070 to 60.5070 in theLI
group. The HI group consistently pro
duced a higher MTIC than theLI group
throughout the training. The results are
depicted in Figure 7.

Carry-over

The Cross Transfer Effect
The HI andLI groups demonstrated

significant strength improvements in
the post-test isometric strength of the
untr~ned limb compared to the pre
test measurements (p<O.OI). The con
trolgroup did not show .any significant
strength improvement in the untrained
limb~ There were no significant differ
ences between the two training groups,
where mean increases of 24.1 070 in the
HI group and 18.1070 in theLI group

Training

Week Week Week Week Week Week Week

1-3 4 5 6 7 8 9

Pre-test

o

100

.....
tlJ
Q).....e
0..
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Week 1-3 Week6 Week? Week 8 Week 9

200

Testing and Training Period

tween training intensity and strength
gains. The present study, however, is
one of the first studies that has com..
pared two different training intensities
while other factors were controlled.
Thus the difference ·in .strength gains
between theHlandLI groups can be
mainly attributed to the training inten
sity. The· results suggest a strong re
lationshipbetween training. intensity
and strength gain, ie that a higher
training intensity produces .a higher
strength gain. It is possible that train
ing intensities greater than 50070 of
MVICcouid produce even higher
strength gains . However, it is not clear
at this point if further increases would
produce any greater strength gain. It
is possible, forexamplc, that a plateau
of improvement may be reached.

The magnitude of strength gains
from the HI group (mean = 48.5070) are
more comparable to Kot's study of
40070 strength gain, and Selkowitz's
study (1985) of 44070 isometric strength
gains. However, it is relatively high,
compared to some of the studies re
ported in the literature.

Laughman et af (1983) utilized 33070
MVIC training intensity and reported
a 22070 mean increase in MVIC from
the EMS training group. Currier and
Mann (1983) utilized 60OJoMVIC train
ing intensity and recorded a mean 14070
improvement. Kubiaket of (1987)
trained the EMS group at more than
45070 of MVIC and recorded 33070 mean
increase in strength. In contrast, Stc
fanovska andVodovnik (1985) used an
exceptionally low training intensity of
5070 of pre-test MVIC, and reported
13010 and 25070 mean improvement in
the two EMS groups. Their results are
difficult to explain in view of the find
ings from this and other studies.

The discrepancy in the results be- ,
tween studies can he accounted Jor by
differences ina varietyof factors. These
include the control and calculation of
the training intensity, the number and
the duration of contractionsandvar:
ious aspects of the training and stimu
lation parameters.

Carry-over

Training Intensity and Isometric
Strength Gains

The HI training group had a sig
nificantly higher mean increase in
MVIC (48.5070) from pre-test to post
test, than the mean MVIC of the LI
group, which increased by 24.2070
(p< 0.01). Thus the results indicate that
higher training force levels produce
greater strength gains in EMS training.

The study reported by Selkowitz
(1985) was one of the few studies to
provide evidence for a relationship be-

Pre-test Post-test

0 1005>
~
of"'"'
UJ
Q)

of"'"'

~a..
~0

Source of
Variation S8 OF MS F Sig. of F

MWithin Group (1) 1622317.28 1 1622317.28 106.16 0.000*
MWithin Group (2) 1485909.76 1 1485909.76 97.24 0.000·
Group 1497.32 1 1497.32 0.10 0.761
Week 28516.17 4 26516.17 25.18 0.000·
Week by Group 2395.80 4 598.95 2.12 0.092

Discussion

o

~ LI Group
II HI Group

The results of the present study
clearly showed that EMS training pro
duced significant strength gains in nor
mal healthy muscle. They further dem
onstrated that higher EMS training
intensities produced significantly
greater strength gains than lower train
ing intensities. In addition, significant
strength gains were seen in the non
exercised corresponding muscle group
of the opposite limb.

Figure 4: Summary of changes in MVIC strength in the trained limb over
a three-week follow up period and a summary of the MANOVA (* denotes
significant change)
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150 • Control
~ LI group
II HI group

0 100>
~
......
UJ
Q)......
~
a.. 50
~0

0
Week 1-3 Week 6

Pre-Test Post-Test

Testing and Training Period

Figure 5: Summary of changes in MV1C strength in the untrained limb
(cross-transfer effect)

It .is not clear how much of their re
sultant strength gains were affected by
these factors. Methodological differ
ences in the application of stimulation
parameters may also have contributed
to the discrepancies in results between
the various studies.

Carry-over Effect
The HI group maintained a signifi

cant mean strength improvement
(24.8070 of MVIC) up to three weeks
following the completion of EMS
training. Thus the mean strength gain
of the HI group declined by 13.7070
from the 48.50/0 improvement recorded
at the post-test. The mean strength gain
of theLlgroup declined by 11.4070
from the 24.2070 measured at post-test,
to 1248OJoat the end of the three-week
follow-up period, which was not sig
nificantly greater than the pre-test
strength level. Thus, the HI group

Figure 6: Summary of the changes in isokinetic strength (Work) in both
limbs for all three groups
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In studies that have quantified train
ing intensity, the calculation of training
intensity was mainly based on the pre
test MVIC measurement, and did not
take into account the concomitant in
crease in the MVIC <as training pro
gressed4 This may account for some of
the higher values of training intensity
reported in the literature (Currier and
Mann J983, Selkowitz 1985).

Another important consideration is
the total number of contractions and
total stimulation time. Each subject in
the study by Solkowitz (1985) received
1,200 seconds of stimulation, whilst in
the present study the total stimulation
time was 2,250 seconds..Thus the train
ing protocol in Selkowitz'sstudy con.;.
sisted of a shorter stimulation time and
somewhat higher average training in
tensity. Currier and Mann (1983) uti
lized a similar stimulation time as the
present study and yet produced only a
14070 strength gain. Cabric and Appell
(1987) utilized a 21 consecutive day
training program and the number and
duration of contractions were pro
gres~ed during the course of training4
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Figure 7: Summary of the mean changes in the MTIC for the H1 andLI
groups throughout the training period and a summary of MANOVA
(* denotes significant change)

Source of
Variation S8 DF MS F Sig. ofF

MWithin Group (1) 150726.58 1 150726.58 553.53 0.000*
MWithinGroup(2) 92248.01 1 92248.01 338.77 0.000*
Group 3571.11 1 3571.11 13.11 0.003*
Week 2392.06 3 797.35 17.09 0.000*
Week by Group 183.76 3 61.25 1.31 0.283

demonstrated a significant carry-over
effect and the LIgroupdid not, in the
three-week follow-up period following
EMS training.

Very few studies have addressed the
issue of whetberstrength training from
EMS has any long lasting effect. Bou
telle et af (1985) reported one of the
few studies that present favourable re...
suIts in this area. They reported a mean
strength improvement of 32.0OJoMVIC
at post-test, and this was maintained
to a mean strength gain of 27.8010 of
MVIC, one month later. Thus, the
mean strength gain fell "by only 4.2010
over a period of one month without
further stimulation. The authors at-

Cross Transfer Effect
The isometric strength of the .con

tralateral limb showed significant im
provement in both the HI .and LI
groups (p < 0.01). Although the HI
group produced a higher mean strength
increase of 24.1 070., it was not signifi
cantly higher than that·of the LIgroup
at 18.1070. The similarity of the strength
gains between the HI and Llgroups
suggests the influence of neutral fac
tors, irrespective of the magnitude of
stimulation. This finding supports the
work of ·Laughman et al (1983) and
Singer (1986) who reported significant
increases of isometric strength in the
contralateral limb following EMS
training. Laughman etal (1983) and
Singer (1986) utilized different training
intensities in·their studies, and obtained
similar magnitudes of strength gain in
the contralateral limbs (15OJoand 14070
respectively). This further suggests that
the cross transfer effect may be inde...
pendent of the training intensity.

Moritaniand deVries (1979) sug...
gested that in· voluntary exercise train...
ing, neural factors acting via increased
facilitation or disinhibition at various
levels of the nervous system, were solely
responsible for the cross transferef
feet, and that muscular "hypertrophy
was not a significant factor. Whilst
there are a variety of theories to ac
count for the cross transfer effect dur
ing voluntarily induced movements or
exercises, these theories are not appro..
priate to explain the cross transfer ef
fect produced by EMS training, .• in
which muscle contractions are electri
cally induced in an otherwise passive
subject.

The present study shows that a lower

significant carry-over of strength gains
after a period of three weeks,.suggested
that the increased neural activation was
not significantly reduced. It is not clear
if the neural adaptations can be·main
tained past the three..week post-training
period. The question of whether there
will be a complete reversal of neural
adaptations calls for further investi
gation.

Week 6

Post-test

Week 5

tributed the carry-over effect to un...
derlying neuromuscular adaptations ..

In the period following voluntary ex
ercise training during. which strength
changes were .monitored (detraining),
a decrease in both· the integrated elec
tromyographic (EMG) activity and mo
tor unit synchronization have been re
ported (Sale et al 1982, Komi 1986).
Komi (1986) suggested a reversal of
mechanisms during 'detraining' fol
lowing voluntary exercise - that ini
tially strength loss was due to a reduc
tion in maximal neural activity,
followed hyan increasing contribution
due to muscular atrophy.

The results of the HI group, showing

Testing Period

Erd
Week 4

Begin
Week 4
Pre-test

~ LIGroup
II HI Group

o

60

80
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EMS training intensity maybe ade
quate if the cross transfer effect is the
desired outcome. It is not clear if there
is a threshold intensity for producing
significant cross-transfer of strength
gains. It would be interesting, for ex
ample, to determine if a 5010 or 10070
of MVIC training intensity would pro
duce similar results as those obtained
in the present study.

The cross transfer effect from EMS
training appeared to be limited to iso
metric strength only. No significant
isokinetic strength gains were demon
strated in the contralateral limb of any
of the three groups. More research is
required to investigate the precise
mechanism and extent of the cross
transfer phenomenon.

Isokinetic Strength Changes
The present results showed a sig

nificant improvement in the concentric
muscle strength of the HI and LI
groups at a velocity of 60 degrees per
second,but not in the control group.
No significant strength changes were
produced in the eccentric mode at the'
same velocity of movement. Thus the
present study provides evidence that
EMS training in the isometric mode
can produce a limited (22.2070 in HI
group and 12.3070 in theLIgroup) im..
provement in concentric isokinetic
strength.

Previous studies have reported con
flicting results with isokinetic strength
changes resulting from EMS training.
Some studies have reported no signifi..
cant isokineticstrel1gth gains following
EMStraining (Currierand Mann 1983,
Boutelle et aI1985).Otherstudies have
reported some isokinetic strength gains
at the low velocitym<>vement of· 30
degrees per second (Romero etal 1982,
Singer et at 1983, Nobbs .and Rhodes
1986). Romero et at (1982) and BOll
telleet aJ (1985) measured isokinetic
torque at 60 degrees per second and
both reported no significant strength
gain from .EMS training.

The present study demonstrated a
significant mean concentric strength
gain of 22.20/0 in the HI group at 60

degrees per second butna improve..
ment in the eccentric muscle strength
was recorded. It is not clear why con..
centric strength was selectively im
proved.

Cbange in MTIC .During EMS Train
ing

The increase in .the maximum tol
erated isometric contraction (MTIC)
induced by EMS is an important con
sideration.Although bothexperimen"
tal groups showed signficant increases
of MTIC during each week, the torque
production of MTIC was .consistently
lower than the MVIC of each particu
lar week (p<O.Ol). In general terms,
the MTIChasalways been shown to
be less than the MVIC (Kramer et al
1984, Walmsley etal 1984, De Do
menico and Strauss 1986)~

The increase of MTICwithEMS
training can be attributed to current
accommodation ,and decreased discom
fort experienced by the subjects (Bou
telleet al 1985). De Domenico and
Strauss (1986) concluded that the sub
jects' pain tolerance, or experience of
discomfort from stimulation,was one
of the most important factors deter..
mining .the magnitude ·of the MTIC,
especially for low-frequency stimula-
etors. In the present study, the HI group
generated a mean MTIC of 72.70/0 of
MVIC, which corresponded closely to
the figure of 74.2070 of MVIC elicited
with a similar stimulator (Minidyne II)
reported by De .Domenico and Strauss
(1986).

Some of the subjects in the HI group
reported considerable discomfortdur
ing training at 50070 of MVIC. The
complaint usually involved either sen
sory discomfort or marked muscle
soreness which lasted from a few min
utes to up to forty eight hours. Unless
the discomfort can be reduced, training
at higher· intensities will not be toler..
atedby some subjects. Indeed, the
painful· sensation ·and muscle soreness
associated· .with EMS are perhaps the
main limiting factors for its application
to human muscles at the present· time.

Possible Neural Mechanisms in EMS
Training

The strength gains resulting from
three weeks of EMS training maybe
largely attributed to neural factors. It
has been shown that significantstrength
changes can be produced with 3-5 weeks
of voluntary exercise training without
significant morphological changes such
as muscular hypertrophy (Moritani and
deVries 1979). Moritani and deVries
(1979) proposed that short-term
strength changes following 2-4 weeks
of training were essentially the result
of neural adaptations. A possible dif
ficultywith the results of their study
lies in the use of circumferential meas
urements to determine the changes in
muscle girth. These are known to be
unreliable and technically imprecise
(Stokes 1985, De Koning et at 1986).
Amore recent .study by Luthi etal
(1986) utilized computed tomography,
which is a more precise and objective
approach, to study the morphological
changes in muscle foHowingasix"week
program of resisted exercise training
and found no changes in muscle cross
sectional area.

Singer and Breidahl (1987) demon
strated that there were no significant
'gross' morphological changes using
computed tomography, following a
four-week programme of EMS train
ing, in subjects with a previous history
of knee problems. As the present study
involved EMS training in a relatively
short period (three weeks), it is unlikely
that there would have been any sig
nificantmorphologica1 changes ...Based
on the results of Luthi et al (1986) and
Singer and Briedahl (1987), it is prob
able that neural adaptations were the
predominant contributor to the
strength changes seen in the present
study.

Luff (1987) ·suggested that long term
changes in the activation of skeletal
muscle were produced primarily by
neural influences mediated via the
nerve; and less· importantly by hor
monal influences. Evidence for neural
influences was demonstrated in cross
reinnervation studies, in which the
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nerves between a fast and a slow mus...
cle were transposed and after some time
usually severalmonths~ the muscles
started to reverse their morphological
profile and contractile propertiesas in
fluenced by the new nerve supply (Sre
ter et al 1975, Luff 1984).

Examination of the trend of strength
increases during the three-week train
ing period provides further evidence to
support'the effect of neural factors.
Significant strength increases were
demonstrated from the first week of
EMS training, especially in the HI
group"and this initial period would not
be expected to be associated with
changes in muscle size. Further evi
dence using EMG analysis and com
pUted tomography is required to in.;.
vestigate this concept.

Since EMS training should not in
volve active voluntary contraction, the
neuraImechanisms involved in volun
taryexercise training cannot be directly
applied to EMS training. The concepts
of long-term potentiation (Bliss 'and
Lomo 1973), enhanced motor unit syn
chronization (Milner-Btown et 0/1975)
and reversal of normal motor unitac
tivation patterns (Garnett and Stephens
1981), may possibly account for the
strength training effect ,of short-term
EMS training programs. The following
discussion presents possible neural
mechanisms to account for strength
changes resulting from EMS training
seen in the present study.

As the electrical' stimulus activates
various parts of the femoral nerve dur
ingEMS training to the quadriceps
muscle group, both afferent and effer
ent fibres are stimulated (Bentonetal
1981). The efferent (motor) fibres then
stimulate the muscle to contract. As
high force levels were induced in the
present EMS training program, mas
sivesensory input through various af
ferent fibres including those from skin,
muscle and tendon would have been
produced. The primary muscle spindle
afferent (la) fibres convey the stimulus
impulse to the spinal cord, where a
monosynaptic reflex (H reflex) is in-

ducedandasecond efferent impulse is
generated (Clamann etaI1974).

The Hoffmann (H) reflex isa mon
osynaptic reflexelicitedbya singleelec
trical stimulus, and is usually demon
strated via stimulation of the tibial
nerve to the calf muscle (see Hugon
1973, Goodgold and Eberstein 1980 for
review). The EMG· signal of this reflex
can be displayed as anH wave. There
is probably a strong facilitation of
spinal motoneuron pools during the H
reflex, due to increased input from la
afferent fibres. In the cat, Mendell and
Henneman (1971) have shown that all,
or nearly all of the la afferent fibres
make direct connections with each of
the motor cells within a given moto
neuron pooL Such connections might
also lead to increased afferent input to
inter-segmental and higher spinocorti
cal pathways; which may be translated
into descending efferent output to the
appropriate spinal motoneuron pools.
This may result in a raised central level
of excitation in the spinal motoneuron
pools, these becoming more receptive
to stimulation. Although the H reflex
may be easily demonstrated with a sin
glestimulus, it is possible that with
repeated electrical stimulation there
may be a widespread facilitatory effect

a on the spinal motoneuron pools and
the relevant cortical centres above.

Long...term potentiation (LTP) isa
phenomenon in which tetanic stimu
lationof a set of input fibres poten
tiates synaptic transmission in .a par
ticular pathway (see Dolphin 1985 for
a review):LTPcan last from a few
hours to several weeks, and .has been
suggested to be an important mecha
nism .in motor learning (Collingridge
and Bliss, 1987). This·phenomenon has
been observed in both the peripheral
and central nervous systems, particu
larly in the hippocampus (Johnston and
Brown 1983). Long-term potentiation,
resulting in increasedneuro-transmitter
sensitivity and synapticefficacY,may
be an important mechanism responsi
ble for the increased muscle force de
velopment from EMS training.

Additionally, there may possibly be
an increased synchronization· of motor
unit firing patterns, due to increased
input from local sensory fibres and
from higher motor control centres
(Grimby and Hannerz 1968, Milner
Brown et al 1975)~ In voluntaryexer
cise training, it has been suggested that
increased alpha motoneuron activation
with concomitant motor unit synchro
nization causes muscle force to in
crease, as well as serving as a stimulus
for hypertrophic factors (Komi 1986).
Singer (1986) demonstrated a shift in
theEMG power spectra following EMS
training,which has been suggested to
represent a trend towards enhanced
motor unit synchronization. Kramer
and Wessel (1985) demonstrated an in
crease in EMG activity following EMS,
and suggested that there was an in
creased number of motor units acti
vated.

The increase in force production may
be partly attributed to a possible change
in the recruitment pattern of motor
units. High levels of muscle tension are
produced by the activation of large,
fast-twitch, fast-fatiguing motor units
(type II), supported by a background
of smaller, slow-twitch, fatigue-resist
ant motor units (type I) (Burke 1980).
In electrical stimulation, it has been
postulated that the fast-twitch motor
units are selectively activated, and are
responsible, for the strength gains from
EMS training (Kramer andWessel
1985).

The size principle of motor unit re
cruitment, a concept which·is currently
under review (Enokaand Stuart 1984),
states that the .critical firing level and
activation of motor units follows a rank
order of activation according to their
sizes (HennemanetaI1965).Thus the
smaller motor units will be activated
first,with the gradual recruitment of
the larger units as contraction force
develops. In the present study, espe
cially in the HI group, the stimulus
intensity produced a peak tension to
wards the end of eachcontraetion.The
production of high peaktension <,'seell1S'
most appropriate for the recruitment

The Australian Journal of Physiotherapy. Vol. 34, No.3, 1988 181



Electro-Motor Stimulation and Strength Improvement

of the large motor·units (type II) (Burke
1980). The higher training force level
may possibly lead to ·the selective .ac..
tivation of these large motor units.
Conversely, the lower training force
level (25070 MVIC) in the LI group,
may not have favoured the recruitment
of the larger type II fibres, as the level
of tension was submaximaL This may
possibly account for the difference in
strength increases between the two
training intensities.

Moritani et af (1985) pointed out that
the extent of motor unit·activation was
differentially affected by fatigue, de
pending on the muscle fibre .type. The
proportion of muscle fibre types varies
among individuals and among differ
ent muscle groups,and is •influenced
largely by genetic factors and toa
smaller extent, ·by training orde-train
ing(Burke 1980, Howald 1982, Komi
1986). Muscle fatigue leads to are
duction in tension and reduced firing
rates of motoneurons .(Green 1986).
Muscle fatigue has been demonstrated
to be a significant factor in electrical
stimulation within the range of 50 to
80 Hz, producing marked force reduc
tion (Jones etaI1979).Stiululation with
a lower frequency (20Hz or less) has
produced a somewhat different fatigue
pattern which is more long-lasting (Ed
wards et aI1977).Musclefatigue is one
of the reasons why thestiInulus inten;"
sity has to be adjusted in order to main
tain the same training force produc
tion.Rapid muscle. fatigue is also an
indication that the fast-twitch fibres are
discharging at a maximum frequency
(Stefanovskaand Vodovink 1985). Ed
wards (1981) has proposed a number
of possible causes for the fatigue phe
nomenon in the fast-twich motor units
including central inhlbition, neuro;"
muscular junction block, and an im
paired excitation of the sarcolemma.

Howald (1982) pointed out that eon
version of type II to type·I fibres was
demonstrated with prolonged, inten
siveendurance training, whereas trans
formation of type I to II fibres has
been difficult to achieve. Therefore, in
the :. present experiment involving only

short-term strength training, the trans
formation of fibre type would not· be
expected to playa role and the·strength
training effect is likely to be the result
of increased activation (neuraladap
tation) of the type II units from the
relevant motoneuron pool for the
quadriceps muscle group.

The significant findings in the con
tralateral limb provides further evi
dence for the involvement of neural
factors. .It supports bilateral facilita
tory influences on the neural circuits
from unilateral stimulation of the
quadriceps (Laughmanet of 1983,
Singer 1986) . Possibly, the 'spino
bulbo-spinal' pathway suggested by
Shimamura and Livingstone (1963)may
be the link between the peripheral con.:.
tractile apparatus and the central nerv
ous system, mediating the response to
electrical stimulation. .Furtherexperi
mental work, both on animals and hu
mans, will be essential to provide evi
dence on the exact neural mechanisms
involved.

The gradual loss of the strength
training effect in both the HI and LI
groups (carry-over) suggests that some
of the neural adaptations are not long
lasting. It has been suggested that the
decline in strength gains following vol-
_untary exercise training is due toa re
versal ot neural mechanisms (see Komi
1986 for review). A similar mechanism
may be at work in EMS training (Bou
telle et af 1985). However, the rate and
extent of the decline in strength has
not been thoroughly investigated. This
area has significant implications for the
use of EMS as a rehabilitation tool and
warrants further research.

In summary, a number of possible
neural mechanisms have been sug
gestedtoaccount for the strength train
ingeffect· of electro-motor stimulation
in the present investigation. Electro
motor stimulation is known to activate
both efferent and afferent pathways in
peripheral nerves, eliciting a strong te
tanic contraction as well as the Hre
flex. The facilitation of the H reflex
pathway,as well as inter-segmental and
higher spinocortical pathways, may

lead to increased activation of the spinal
motoneuron pools controlling muscle
force development in both limbs. Other
mechanisms that maybe involved in
clude, long term potentiation, in
creased .sychronization of motor unit
activation and selective recruitment of
the fast-twitch, fast-fatiguing muscle
fibres. These mechanisms may have
contributed to the increased muscle
force development following EMS
training. Further research is necessary
to demonstrate the precise mechanisms
mediating strength gains from EMS
training.

Summary and Conclusions

A three week EMS training program
produced significant strength gains in
the quadriceps femoris muscle group.
The higher training intensity (50070
MVIC) produced significantly greater
isometric and isokinetic strength gains
than the lower training intensity of 25070
MVIC. A significant carry-over effect
was demonstrated in the HI group. in
the three week follow-upperiod.Sig
nificant isometric strength gains were
also observed in the contralateral ho;"
mologous .muscle group. The strength
training effect of EMS was attributed
to neural adaptations elicited byelec
trical stimulation.

The findings of this investigation
have significant implications for future
research and the clinical application of
EMS. A. higher training intensity is ad
vocated during EMS training to achieve
an immediate, large strength gain. ·Fu"
ture research may utilize the present
findings in selecting an appropriate
training· intensity, especially when EMS
is compared with submaximal and
maximal voluntary exercise.

On the basis of the findings from
the present study, the following con
clusions can be drawn:
1. A three week EMS training program

produced significant isometric
strength .gains in the HI (48.5070)
and LI (24.2070) groups. No signifi
cant changes were seen in the con
trolgroup..
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2. A high training force level (50OJo
MVIC) produced significantly
greater isometric strength gains than
a low training force level (250/0
MVIC).

3. Significant isokinetic strength gains
at 60 degrees per second were dem
onstrated in both HI (22w2OJo) and
LI(12.3OJo) groups but only in the
concentric mode.

4. A significant cross transfer effect
was demonstrated in the contralat
eral limb for both HI (24.1070) and
LI (18.1 070) groups. There was no
significant difference in the cross
transfer effect between the two
groups. There were no significant
changes in isokinetic strength in the
contralateral muscle groupw

5. A significant carry-over effect
(24.8070 of pre-test MVIC) was·dem
onstratedby the HI group at the
end of the three week follow-up
period. The strength gains in theLI
group declined considerably in. the
same <period, and was notsignifi
cantly different from the pre-test
value.

6. TheMTIC measurement changed
significantly during the course .of
training in both HI and LI groups,
suggesting increased tolerance to
electrical stimulation as training
progressed.
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