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Effects of chronic low frequency electrical stimulation
on normal human tibialis anterior muscle
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SUMMARY The loss of force that occurred during intermittent electrically evoked tetanic contrac-

tions was determined for the tibialis anterior muscle of normal subjects. Adult muscles showed a

characteristic reduction of tension over the first two to three minutes until a steady plateau was

reached. Muscles of young children showed no comparable decrease of the initial tension in

response to this method of fatigue testing. After fatigue the muscles of both groups of subjects

produced a higher proportion of tension at lower rates of stimulation. Following prolonged
chronic low frequency stimulation at 8-10 Hz, adult muscles showed a significant increase (p <
0.01) in fatigue resistance compared to unstimulated control: the muscles of the normal child
showed no measured change. It is concluded that it is possible to alter the properties of adult

human muscle by superimposed low frequency electrical stimulation.

Investigations on animals have shown that it is poss-
ible to modify the properties of mammalian skeletal
muscles by chronic electrical stimulation. Fast twitch
muscles of cats and rabbits have been induced by
chronic low frequency stimulation to exhibit proper-
ties of slow contracting twitch muscles. An early
effect of such stimulation is an increase in resistance
to fatigue with an increase in capillary density and
oxidative enzymes. These changes occur before an
observable change in contractile properties.' The
purpose of this study was to establish whether simi-
lar increases in resistance to fatigue could be
induced in human skeletal muscle.

In previous experiments, measurements of resis-
tance to fatigue of human muscles have been based
upon the decrease in tension, or changes in electrical
activity using electromyography, either during vol-
untary contraction, or prolonged electrical stimula-
tion.>5 In assessing resistance to fatigue during vol-
untary contraction, account must be taken of the
motivation of the subject and other influences that
are difficult to control. In contrast, tests using pro-
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longed electrical stimulation are easier to interpret.
In this case, fatigue is probably caused by the
decrease in tension of high threshold motor units,
which normally are not used during sustained volun-
tary contraction (for review see ref 6).
Most data on human muscles are obtained from

adult subjects, and little is known of how human
skeletal muscles change during development in
childhood. In this study, an attempt was made to
compare some physiological characteristics of adult
muscle with that of young children. On the basis of
work with animals, it can be expected that chronic
electrical stimulation will increase the resistance to

fatigue of mature muscle. We were concerned to
investigate any changes in resistance to fatigue fol-
lowing a prolonged period of chronic low frequency
stimulation as shown by changes of response to an

electrically stimulated test of muscle fatigue.7

Method

Subjects
Sixteen normal adults (six males and 10 females), varying
in age from 17 to 53 years, and 18 normal children (15
boys and three girls) of age range 3 to 13 years took part in
the study. All the subjects were normal, healthy volunteers
and the studies were approved by the Committee on Ethics
of Clinical Investigations of Hammersmith Hospital.

Measurements were made of maximum voluntary and
electrically evoked contractions of the tibialis anterior
muscles in all subjects. In order to evaluate the effects of

774

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.48.8.774 on 1 A
ugust 1985. D

ow
nloaded from

 

http://jnnp.bmj.com/


Effects of chronic low frequency electrical stimulation on normal human tibialis anterior muscle

chronic low frequency stimulation, five female adults and
one 11-year-old girl stimulated their tibialis anterior mus-
cles at a frequency of 10 Hz or less for an hour, three times
daily for 6 weeks.

Assessment procedure
To ensure standardisation of position and fixation of the
limb during assessment, a special chair was designed
(fig 1). The position of the seat and leg supports were
adjusted to the individual and then firmly secured. Two
sets of footplates were provided, one was made of stainless
steel and of dimensions suitable for adults, the other set
made of aluminium, was built on the same design principle
and was used for measuring in children. Strain gauges
mounted on the upper surface of a mild steel bar measured
the tension exerted by the tibialis anterior muscles. The bar
was mounted at 20° to horizontal on two supporting pillars
and its height could be readily adjusted by two self-locating
screws. Moulded padding on the under surface of the bar
ensured optimum force transmission from the contracting
muscle group. Two bars were provided, one of 3 mm
thickness which gave a measuring range suitable for adult
subjects and one of 1 mm thickness which was more sensi-
tive and was suitable for measuring the forces exerted by
the children. The subjects were secured to the seat by an
adjustable seat belt, sat upright with their thighs sup-
ported, their knees flexed to 90° and their feet resting on
two rigid footplates as shown in fig 1. Two correctly sized
heel cups were fitted and the padded bar against which the

subject pulled was adjusted so that it was comfortable.
Particular care was taken to ensure that the foot was
positioned so that the bar was aligned with the head of the
first metatarsal bone. The subject was asked to make max-
imal effort to dorsiflex against the bar and the output from
the strain gauges was fed through amplifiers on to a pen
recorder. The best of three attempts was taken as the max-
imum voluntary contraction, unless the third was greatest
in which case a fourth attempt was made and if greater,
repeated until a maximum was established. A standard
constant voltage stimulator (Digitimer Type 3072) con-
nected to two 4 cm square carbon rubber electrodes placed
over the motor point and on the belly of the muscle was
used in stimulation. Good contact was ensured by using
electrode jelly and the electrodes were secured by adhesive
tapes. Isometric contractions of the tibialis anterior muscle
were thus elicited by stimulating the intramuscular
branches of the lateral popliteal nerve using a square wave
pulse of 50 ,us duration, applied at selected frequencies for
250 ms each second. A routine sequence of testing was
established to record the increments of tension in response
to brief trains of stimulation at 1, 10, 20 and 40 Hz. To
determine resistance to fatigue, the muscle was stimulated
at 40 Hz for 250 ms, every second for 5 minutes and the
percentage decrease of tension after three minutes was
measured.
The effect of this fatigue test on the tension elicited by

brief trains of stimulation was established (fig 2), by
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Fig 1 Apparatus for measuring strength oftibialis anterior
muscle.
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Fig 2 Records ofroutine sequence of testing of the tibialis
anterior muscles oftwo normal adult subjects, (a) shows the
response to testing ofsubject (AT), her maximum voluntary
contraction and the increments oftension in response to
brieftrains ofstimulation at 1, 10, 20 and 40 Hz before and
after fatigue. (b) shows the typical response to fatigue
testing, subject (MD) FI = 23 %.
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recording the tension developed at 1, 10, 20 and 40 Hz

before and after fatigue. The following ratios were deter-

mined:
Tension ( 10Hz) x 100 and Tension (20 Hz) x 100

Tension (40 Hz) Tension (40 Hz)

A Fatigue Index (FI) at 40 Hz was then calculated as

follows:
Initial Tetanic Tension-Tetanic Tension after

3 minute stimulation
Initial Tetanic Tension

A prelimary study of six normal adults and six normal

school children aged 5 to 12 years indicated that this

method of assessment was well tolerated and between 20

and 50% of the maximum voluntary force could be elicited

on stimulation at 40 Hz.

Chronic low frequency stimulation
The subjects stimulated their tibialis anterior muscles with

a small battery operated stimulator at frequency of

5-1(0 Hz for an hour, three times daily for six weeks.
Stimulation was by two 4 cm square carbon rubber

electrodes placed medial to the head of the fibula over the

motor point and more distally on the belly of the muscle;

these were attached by leads to the stimulator which was

worn on the belt around the waist. The subjects were

instructed to adjust the position of the two electrodes on

the muscle and the output of the stimulator to give

sufficient stimulation to see a visible contraction of the

tibialis anterior muscle accompanied by movement of the

foot. The tension developed by this stimulation was found

to be the same as that recorded on assessment when the

muscle was stimulated at 10 Hz, that is about 25% of the

tension developed by the muscles at 40 Hz. A day by day

chart of hours of stimulation was made and kept by each

sub'ject.
Initial base line data on the contractile properties of the

tibialis anterior muscle for each subject were established
by the investigator prior to commencing long-term stimula-

tion. Further testing was undertaken after three weeks and

six weeks of stimulation and at six months after completion
of stimulation.

Data hantdling
Scatter graphs and regression lines were drawn and linear

regressions were plotted for analysis of the data. Results in

the text and tables have been expressed as means with

standard deviations throughout the text. The significance
levels of difference between mean values have been calcu-

lated using paired and unpaired Student's t tests.

Results

Validation of method of assessment
A series of six normal adults were assessed in the

manner described and then reassessed a week later.

The results are shown in table 1 and show that the

assessment procedure gave results that were highly
reproducible.
The interval between the two tests of the six

Scon , Vrbova, HY'de, l)ubowitz
normal school children varied from one week to a
maximumn of three months and these results are

shown in table 2. Ihese indicate more variability
than in the adult studvy; this can be accounted for
partly by the longer interval between the two tests,
and the inherent variability of young childrel.

It has been suggested that percutaneous stimula-
tion of part of a muscle may be unsatisfactory and
that the relationship between high and low
frequency force generation is voltage dependent.'
Further investigations have shown that the relation-
ship is robust except at the lowest voltages when
forces of less than 10% of maximum voluntary con-
traction are generated."
Fatigue testing in adults
The response to fatigue testing was measured in six-
teen normal adults. A typical record is shown in

fig 2, and table 3 summarises the results obtained in
all sixteen subjects tested. It shows that on average,
about 25% of the maximum voluntary strength of
the dorsiflexors was activated by electrical stimula-
tion.

All subjects showed a decrease of force during the
fatigue test. Figure 2 illustrates a typical response of
a normal adult subject to fatigue testing, showing a

characteristic reduction of tension over the first two

or three minutes, until a steady plateau is main-
tained. In different subjects, the decrease after three
minutes varied from 15% to 48% of the initial force
output.

Table 3 shows that following the fatigue test, after
an interval of 2-3 minutes, there was a mean

decrease of tension of 0-6 kg + 0-64 and 0-4 kg ±

0-66 for the right and left leg respectively on re-

stimulation at 40 Hz. Table 3 also shows the propor-
tion of tension developed at 10 Hz and 20 Hz both
before and after the fatigue test expressed as a per-
centage of the tension at 40 Hz. In adults, stimula-
tion at 40 Hz elicited between 85%-95% of maxi-
mal tetanic tension. The mean increase developed
on stimulation at 10 Hz following fatigue was 7-8%
±

10-75 (p < 0-05, n = 15) and 9-95% + 5-33 (p <

0-001, n = 9) for the right and left legs respectively.
There was no overall increase in the proportion of
tension generated at 20 Hz. These measurements
were always recorded within 5 minutes of comple-
tion of the fatigue test.

Effect of chronic low frequency stimulation
The five female subjects stimulated their tibialis
anterior muscles three times daily for six weeks. No
ill effects were reported and the subjects were all
able to continue with their normal daily activities
whilst wearing the stimulators.

Figure 3 shows records obtained from one of the
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Effects of chronic low frequency electrical stimulation on normal human tibialis anterior muscle

Table 1 Analysis of testlretest for assessment ofsix normal adults

Coef variationi for C'orr coef Paired t n1 Ratige
(luplicates (%) (r) analYsis

VMaximum voluntary
contraction (M\1VC) 11*9 0-9 - 183 11 9-4-22'6 kg

Fatigue index (Fl) 6-85 08-8 -0 15 11 15-62%
Before fatigue

10/40 Hz 14-6 0-93 - 1-28 11 7-36%
20/40 Hz 10(95 0-81 - 1-25 11 43-81%

After fatigue
11)/40 Hz 19 5 0(74 0(06 11 13-35%
20/4(0 Hz 8-9 0(53 0( 26 11 46-79%

Table 2 Analysis of testlretest assessment ofsix nortnal children

Coef variatiott for Corr coef Paired t ,t Rattge
dluplicates (%) (r) atnalYsis

Maximum voluntary
contraction (MVC) 122-25 091 -0)04 0 5-2-106 kg

Fatigue index (Fl) 11 1 02- 1 38 10 -41-16%
Before fatigue

10/40 Hz 192 0-47 -(0)87 10 1(-33%
20/40 Hz 152 0(4' -0 53 1() 39-77%

After fatigue
1(1/4( Hz 215 0(81 2 6 10 11-46-5%
2(0/40 Hz 7-6 0-64 1-58 1() 47-79%

Table 3 Mean values + SD ofmaxitnun voluntary contraction, fatigue indices and the ratios 1014() Hz and 2014() Hz
before and after fatigue testing in 1O normal adults

Right leg Left leg

Fatigue test before atnd after % VIVC' Fatigue test before atind after % lVVC

\IVC (kg) 15-3 + 4-9 15-6 4-7
EEC (kg) 4-15 + 1 6 36 + 1-5 'X8' 74 4-1 1-6 3 7 + 1-3 25-0 6-2
Fatigue index 33-7 + 10-21'73 10-5
Tension at 1(0 Hz' 19-7 + 1(00) '75 + 13 6 14 6 60 24 5 + 6.6
2(0 Hz' 66-1 t 9-8 65.6 + 10-0 626 _ 131 02l + 66

MVC - Maximum voluntary contraction at 40 Hz
EEC - Electrically elicited contraction at 40 Hz
+ -SD N = 15 for right leg and n = 9 for left leg

- tension expressed as % of tension developed at 40 Hz

five subjects (LB). It is clear from these records that
the stimulated tibialis anterior muscle had become
more fatigue resistant while the unstimulated muscle
had not changed during this period. There was no
significant change in maximum voluntary contrac-
tion in the same period. Table 4 summarises the
results obtained from subjects who were stimulating
their tibialis anterior muscle for a minimum of six
weeks. Before the period of chronic stimulation, all
subjects showed a characteristic decrease of force
during the fatigue test and at this stage there was no
significant difference between the two legs. After six
weeks of chronic stimulation, there was a marked
change in the fatigueability and in each individual
the stimulated muscles fatigued less than the
unstimulated control. Their tension decrease was
12-3 + 5-8%, less than before stimulation started.
While the overall change of the fatigue index of the

control muscles during the same period was only
0-18 + 3 5%. The difference between the fatiguea-
bility of the control and stimulated muscle was
highly significant (p < 0-01). Thus stimulation
reduced fatigueability of the muscles.
As in the previous group of normal adults, the

percentage of tension developed at 10 Hz and 20 Hz
before and after the fatigue test was assessed. There
was no consistent difference between the tensions
developed by the control and chronically stimulated
tibialis anterior muscles. This indicates that while
the chronic stimulation increased the fatigue resis-
tance of the muscle, it did not have an appreciable
effect on the contractile properties.

Change of the muscle properties during development
The muscle strength of normal children increased
with age. Figure 4 shows that there is a linear rela-
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Stimulated leg

I I I I
O 1 2 3 4 5

Time (min)

5 I I0

T1 2 3
Time (min)

5k]
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Time (min)
1 2 3

Time (rrin)
Fig 3 Records offatigue tests ofone of the five normal adult subjects (LB) ofthe control and stimulated leg before and
after six weeks ofchronic low frequency stimulation.

Table 4 Change in fatigue index following chronic stimulation for six weeks

Subject Control leg Stimulated leg % Change

% Decrease of tension Control Stimulated

Before After Before After

MS 14-7 19 5 19 6 11.1 +4-8 - 8-5
JD 17-8 17-3 21-3 3-2 -0-5 -18-1
GV - - 40-4 31-9 - - 8-5
LB 45-3 43 5 55 5 36-4 -1-8 -19-1
AT 28-2 25-0 27-4 20-0 -3-2 - 7-4
Mean + SD 26-5 ± 13-8 26-3 + 119 32-8 + 15-1 205 ± 13 9 +018 + 3-5 -12 3 + 5-8*

*p < 001

tionship and a high correlation of 0-92 when the
maximum voluntary contraction exerted by the
anterior tibial muscles of both legs of 18 normal
children was plotted against the age.

In response to electrical stimulation at 40 Hz,
table 5 shows that the tibialis anterior muscle
developed mean tensions of 22-1 + 9.3% and 23 1
+ lO % of the maximum voluntary contraction of
the muscles of the right and left legs respectively.
Unlike adults, the effect of fatigue testing by
stimulating at 40 Hz for five minutes resulted in
little or no decrease of the initial tension exerted by
the muscle. The greatest loss of tension, after stimu-

lation for three minutes was 19% and nine children
showed a small increase of tension (range 5-40%).
There was however, a highly significant increase in
the proportion of tension developed on stimulation
at 10 Hz following the fatigue test of mean values
7.9% + 8-9 p < 001 and 9 7% + 6-3 p < 0*001 for
the muscles of the right and left legs respectively.
Similar but more variable mean increases of 4-25%

13-4 and 7-7% + 10-8 were recorded on re-
stimulation at 20 Hz.

Effect of chronic electrical stimulation
There was no significant change in the maximum
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Fig 4 Relationship ofthe maximum volunta?
(MVC) ofnormal children with age.
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voluntary contraction of the 11-year-old girl follow-
ing six weeks of low frequency stimulation for one
hour, three times daily, neither was there a decrease
of initial tension in either leg, prior to commencing
six weeks of prolonged low frequency stimulation,
nor following the completion of the period of
stimulation. Table 6 gives a summary of the results.

Discussion

The results of this study show that in adults, the
tibialis anterior muscle fatigues and its tension
decreases after repeated tetanic stimulation. These
results are in agreement with those of other resear-
chers8 "' who, using methods of fatigue testing also
based on that established by Burke in 1973,7 found
that adult human muscles show an inability to main-
tain tension on repeated stimulation by brief trains
of 40 Hz. It is likely that the loss of force is due to
fatigue of its fast contracting glycolytic fatigueable

..........., type II motor units and is not caused by failure of
12 14 neuromuscular transmission or conduction of the

peripheral nerve. Recent experiments using same
tests have shown that while muscle tension

y strength decreased, the size of the recorded action potential
remained unaltered (Lenman JAR, personal com-

Table 5 Mean values + SD ofmaximum voluntary contraction, fatigue indices and the ratios 10140 Hz and 20140 Hz
before and after fatigue testing in 18 normal children

Right leg Left leg

Fatigue test before and after % MVC Fatigue test before and after % MVC

EEC (kg) 1-8 ± 1-2 22-1 ± 9-3 1-84 ± 1-2 23-1 ± 10 1
Fatigue index - 1-05 ± 19-1 0-8 ± 14-0
Tension at 10 Hz* 19-3 ± 8-9 27-2 ± 6-6 20-7 ± 9-2 30-7 ± 101
20 Hz* 56-9 ± 11-9 62 ± 9-9 59-0 ± 13-3 65-6 ± 9-8

EEC - Electrically elicited contraction at 40 Hz.
-SD n = 17 for right leg and n = 18 for left leg.

* - Tension expressed as % of tension developed at 40 Hz.

Table 6 Tests ofmuscle function ofnormal child (AS) before and after 6 weeks ofchronic stimulation at 10 Hz ofthe left
tibialis anterior muscle

Control leg Stimulated leg

Before After Before After
(13 April 1982) (22 May 1982) (13 April 1982) (22 May 1982)

MVC (kg) 9-45 9-3 10-4 9-4
% MVC stimulated at 40 Hz 32 20-5 21 21
Fatigue index % 16 + 5 0 6
Force/frequency ratios
Prior to Fatigue testng

10/40% 19 20 18 21
20/40% 61 57 63 65

After Fatigue testing
10/40% 34 23 46 35
20/40% 63 67 79 72
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munication). [his suggestioni is supported bv the
observed changes in the proportion of tensioni

developed in stimulation by brief trains at 1, 1t), I2)
and 40 Hz within 2-3 minutes of completion of the
fatigue tests. Considerable recovery of tension had
alreadv occurred from the low levels recorded at the
end of the fatigue test on re-stimnulation at 40 Hz.
Ihe rapid normalisationi of forces elicited at high
frequencies corresponids to the reported recovery in

relaxationi time?- '[he results of other studies' "
showed comparable responises to high frequencv
stimulation on retesting 15-It) minutes after com-

pletion of fatigue testing. We found that there was a

significanit change in the proportion of force gener-

ated on re-stimulation at 1t) Hz.
I[he mechanism which causes these changes in

force output of the muscle fibres is not vet under-
stood although many suggestions have been made."
Vlost recently, it has been suggested that mod-

ification in the myosin molecule itself occurs, associ-
ated with increased phosphorvlation of myosini light
chains and decrease in energy costs, underlining the
close association between the basic structure and
biochemistry of muscle and its contractile charac-
teristics.

Reviewing the present literature on fatigue in

human muscle, it was noted that, with fatigue, the
relaxation time increased 4 and that, during sus-

tained maximum voluntary contraction, there was

slowinig of the rate of muscle relaxation and a prog-

ressive decline in the range and rate of firing suggest-
ing that, as human muscle fatigues, these mechan-
isms assist in preserving and maintaining tension.'5

[-his study demonstrated that, as in animal
studies, chronic low frequency stimulation induced
anl increased resistance to fatigue and this change
was clearly seen to take place in the tibialis anterior
muscles of normal and adult subjects. An increase in

maximum voluntary contraction was not antici-
pated; only small increases in tetanic tension had
been found in animal experiments following chronic
low frequency stimulation;'" and experience of the
effect of exercise in human subjects,'7 together with
these results of chronic stimulation in animals, sug-

gest that the type of adaptation that could be
expected would be an increased capacity of the mus-

cle for aerobic metabolism and an increased ability
to maintain tension. It is known that changes in the
contractile properties occur later than changes in the
activity of the oxidative enzymes'8 and that the activ-
ity of these enzymes directly correlates with the
fatigue resistance of animal skeletal muscles.'5
Recent studies of the effect of isometric training for
5 weeks on human elbow flexor muscles showed a

significant increase in the fatigue index compared
with a control untrained group, but found no differ-

Scott, Vrbovt, HY'de, O)ubowitz

ences in the forces of electrically evoked twitch antd
tetanus "

[he fintding that there was no decrease of the ini-
tial tensioni in children in responise to fatigue testilng
comparable to that found in adult subjects was
something we had not expected. [he explanation of
their lack of fatigue mnav be accounted for by the
smaller diameters of their muscle fibres and the
probabilitv of more efficient diffusioni of oxygen
making the muscles more resistant to fatigue.
Further studies have shown that minimal changes in
the half-relaxation time occurred during the five
milute test. The apparent increase in tension seeni in
a few cases during the test could be explained, it has
been suggested, because the frequencv of stimula-
tion was not sufficient to elicit a maximal tetanic
response and that activity produced an increase in
the proportion of maximum tetanic tension. How-
ever, investigationis showed that increasing the fre-
quencv of stimnulationi did not have this effect and
the contraction times were not faster, discounting
the possibility that higher maximal tensionis in these
cases were generated by muscle fibres with faster
contractile characteristics. l)esmedt and his co-
workers in 1968 showed marked staircase potentia-
tion of twitch-tension over a 3-minute period in
normal children;'' in our study the highly significant
post fatigue potentiation at 10 Hz, and the overall
but more variable increases at 20 Hz. indicate that
changes do occur in the contractile properties of
children during fatigue testing.

Fhe measurements of voluntary strength gave
results that were reproducible and similar to com-
parable studies performed with children." 2Fhe
strength of the ankle dorsiflexors of children showed
good correlation with height. weight and age and
was included to provide a basis for comparison with
other studies in young children.2 No correction
was made for the variation of the size of the foot
with age as the most common way of expressing
strength is still by measurement of anatomically
defined forces.
The main point of the present study was to estab-

lished whether or not it is possible to alter the prop-
erties of human muscles in response to superim-
posed electrical activity and our result has clearly
shown that human muscle, like other mammalian
muscles, can be altered by chronic low frequency
stimulation. lhe confirmation of this by these results
demonstrates the adaptability of human muscles and
opens up possibilities for the use of this property in
the treatment of some neuromuscular disorders.

We are grateful to the Medical Research Council for
supporting this work and to Biochemical Research
Limited for supplying the stimulators.
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