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| ABSTRACT |

Background: Electrical stimulation is a promising
tool in the rehabilitation of individuals with limited
ability to activate their skeletal muscles. Therefore
investigating the parameters that could maximize
torque output is a key element to the application of
electrical stimulation. The Purpose of the study
was to compare the effect of different electrical
stimulation protocols on the peak isokinetic
guadriceps muscle torque for healthy subjects.
Materials and Methods: Forty healthy male
subjects participated in this study with a mean age
of 19.8+0.74 years. They were assigned randomly
into two equal groups. Group (l) received pulse
duration modulation protocol and group (II)
received pulse duration and frequency modulation
protocol. Isokinetic concentric peak torque of the
non dominant quadriceps muscle was evaluated
before and after training. Training was
administered at low velocity (60%sec) in the
functional range from 90 degree knee flexion up to
0 extensions while electrical stimulation was
administered for 10 minutes, three times a week, in
alternative days, for four weeks. Results: There
was a significant increase in the peak torque
between groups (1) and (11) as P value was 0.0001.
Peak  torque increased post  training
from156.82+35.0 to 166.64+34.92 for group (I)
and from 158.69 +27.46 to 210.33+22.18 for group
(I1). Conclusion: Group (1) produced better
improvement in peak torque. Electrical stimulation
protocol that progressively increased pulse
duration first to the maximum level followed by
progressively increased frequency produced
augmentation of peak torque of the quadriceps
muscle than the protocol that progressively
increased pulse duration only while keeping
constant frequency.

Key words: Electrical stimulation protocols —low
frequency current- torque.

\ INTRODUCTION \

lectrical stimulation (ES) is a promising
tool in the rehabilitation of individuals

with limited ability to activate their

skeletal muscles. It is wused extensively
throughout the world to augment muscle
strength?*.

During voluntary contraction the central
nervous system (CNS) controls skeletal
muscle force output by varying both the
activation frequency (firing rate or rate coding)
and the number of activated motor units
(recruitment)®. So that muscle force can be
controlled by varying the ES frequency and
intensity®.

The stimulation intensity can be
modulated by adjusting either the current
amplitude or pulse duration (PD) of the
stimulus. The PD of the stimulus is easier to
control and provide more consistent force
response from the muscle compared to
stimulation amplitude™.

The pulse parameters that most
commonly adjusted to maximize torque output
include the PD and frequency of the pulses.
These parameters influence the recruitment of
the nerves which can be recruited by many
different combinations of these two
parameters’?.

Few studies have systematically varied
the stimulation parameters that would allow
maximum force generation during each
training session. Increasing PD from 150 to
450 microseconds (us) has recently been
shown to increase motor unit recruitment and
evoked more torque'®.  While other
investigators concluded that the combination
stimulation  protocol that progressively
increasing the PD to the maximum levels first
then the frequency is the best strategy to
improve muscle performance®.

Within the available literature, there was
no recent prospective study has systematically
investigated the accumulative training effects
of ES following repeated sessions over weeks
using different stimulation protocols of
frequency and pulse duration modulations. So,
the purpose of the study was to investigate the
effect different electrical stimulation protocols
on the peak isokinetic quadriceps muscle
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torque. This could provide physical therapists
with effective protocols concerning
augmentation of muscle strength and could be
used for musculoskeletal and neuromuscular
disorders.

SUBJECTS, MATERIALS AND
METHODS

Forty healthy male volunteers were
recruited for the study from the Faculty of
Physical Therapy, Cairo University students
and employees. Their age were ranged from
(18 — 30) years old. Subjects were randomly
assigned into two equal groups. Each group
was consisted of twenty male subjects.
Subjects were excluded if they had any
contraindication for electrical stimulation or
received any beverages containing caffeine
regularly or missed two sessions.

Instrumentations

1- Bio-Trac Plus: It is the device that was
used to deliver neuromuscular stimulation.
It is a small hand-held battery powered (9
volts) unit for single or dual-channels
operation with independent output control,
with asymmetric biphasic pulse, frequency
ranges from (2 to 100) Hz, pulse duration
ranges from (50 to 450) psec, treatment
time ranges from (0 to 30) minutes and
amplitude ranges from (0 to 80) mA. The
device manufactured by EMS Physio. Ltd.
England. The portable stimulators have
been used in many studies, researchers
found that portable stimulators produced
comparable levels of peak torque at
comparable levels of discomfort to those
produced by clinical stimulators*®**2°,

2- Biodex system Il isokinetic dynamometer:
It is the device that was used to measure
the isokinetic concentric peak torque of
non dominant quadriceps femoris (QF)
muscle before and after training. The
system has visual and auditory
biofeedback. It is provided with computer
system (IBM compatible) that collects,
displays, stores the isokinetic test data and
controls the movements of dynamometer.
It has been widely used in research, clinical
setting and rehabilitation to objectively
assess factors of muscle performance. The

validity and reliability of the Biodex
isokinetic ~ dynamometer  has  been
investigated under static and dynamic
conditions with satisfactory results®.

Procedures
All evaluating and training procedures
were done at Faculty of Physical Therapy,

Cairo University. After signing a written

consent form, all subjects underwent the same

evaluation procedures included:

e Subjects’ ages were recorded and their
height and weight were measured.

e The non dominant lower extremity was
determined by asking the subject to kick a
ball in front of him. The limb that was used
to kick the ball is considered to be the
dominant one while the other limb is
considered to be the non dominant one.

Isokinetic concentric peak torque of the
non dominant QF muscle was assessed before
and after training at low velocity (60%sec) in
the functional range from 90 degree knee
flexion up to O extensions as it more
representatives ~ for  dynamic  muscle
performance”®. Each subject was allowed to
do first unrecorded three light trial repetitions
of knee extension and flexion before the test as
warm up and to familiarize with the system
then the subject did maximum five repetitions
of knee extension with angular velocity
60°/sec'’. The subject asked to sit on the
dynamometer's chair with the tested knee at
90° Flexion; the back support was adjusted to
allow hip angle 110° to the horizontal. This test
position had been shown to be reliable for
yielding maximal knee torques®™. The
resistance pad placed at the lower leg, two

centimeters above the medial malleolus. A

thigh strap, waist strap, and 2 chest straps were

then secured to stabilize the subject in the
dynamometer chair (figure 1 a). The
dynamometer's axis of rotation was aligned
with the lateral femoral epicondyle, and the
knee was extended from 90 degrees to 0O
degrees to ensure that the axis of rotation of
the knee is aligned with the axis of rotation of
the dynamometer. The knee was then
positioned in 90 degrees of flexion. The speed
of the dynamometer was set at 60%sec. Gravity
correction was performed throughout the test.
The subjects was instructed to hold the sides of
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the padded seat for added stabilization and
maximally contract their non dominant QF
muscle following the command pull (figure 1

Training procedures

Subjects in group | received constant
frequency (50 Hz) and progressive increases in
pulse duration (150 psec for the first week,
250 psec for the second week, 350 psec for the
third week and 450 psec for the fourth week)
(Pulse-duration-modulation protocol)*. While
subjects in group Il received PD progressively
increased every two sessions (150 psec, 300
psec and 450 psec) till the end of the sixth
session (at frequency 30 Hz) then progressive
increase in frequency every two sessions (40
Hz, 50 Hz and 60 Hz) for the next six sessions
(at PD 450 psec)  till the end of the last
session (Pulse duration and frequency
modulation protocol)®. For both groups duty
cycle was set at 4 seconds on and 16 seconds
off (duty cycle of 20%) and the intensity of the
stimulator will be adjusted to the current that
could be maximally tolerated by each subject
for 10 minutes. Electrical stimulation was
administered three times a week, in alternative
days, for four weeks'"?°,

Electrical stimulation was administered
to the non dominant QF muscle. The proximal
electrode was placed over the upper thigh
covering the proximal portion of rectus
femoris and vastus lateralis muscles (15 cm
distal to anterior superior iliac spine). The

b). The highest torque reading of the five trials
was accepted as the peak torque™.

(b)
Fig. (1): Starting position of the test, with knee flexed 90 (a). Final position of the test, with full extension
of the knee (b).

distal electrode was placed over the lower
aspect of the thigh covering distal bulk of
vastus medialis (figure 2)°. Prior to
application of electrodes the skin over the
electrode placement site was cleaned with
alcohol swabs and to ensure consistent
electrode placement for the next sessions a
clear plastic sheets was placed over the
subject's thigh or using permanent marker
according to subject's preference’®. The
intensity was increased gradually until the
subject could not tolerate further increase in
intensity after a short periods habituation to
the stimulus was occurred the subject was
asked again (can you tolerate further increase
in intensity?) at this level maximum tolerable
intensity was recorded for each subject™”’.
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Statistical Analysis

Descriptive statistics including the mean
and standard deviation was used to describe
ages, weights and heights of participants.
Student t test was used was used to determine
significant differences in peak torques between
both groups and to compare between pre and
post test values of the peak torque within each
group. The P-value < 0.05 was taken as
significant.

\ RESULTS |

Fig. (2): Position of the subject and electrodes
placement during application of electrical
stimulation.

Demographic characteristics of both
groups presented in (table 1). There were no
significant differences between both groups
regarding age, weight and height (P>0.05).

Table (1): Demographic data of the subjects in both groups (I and I1).

- Group (1) Group (I1) Comparison
General Characteristics Mean 33D Mean ")) Pvalue S
Age (year) 19.75 +0.63 19.9 +0.85 0.8 NS
Weight (Kg) 75.85 +10.34 77.3 +8.87 0.78 NS
Height (cm) 177.25 +6.23 175.8 +5.09 0.68 NS
*SD: standard deviation P: probability S: significant, NS: non-significant.

The results revealed that there was a
significant increase in the peak torque for both
groups as P value was (0.001). The mean
values of peak torque increased post training

from 156.82 £35.0 to 166.64+34.92 for group
I and from158.69+27.46 to 210.33+22.18 for
group Il as shown in table (2) and figure (3).

Table (2): Comparisons between mean values of peak torque Pre and Post training for both groups.

Variable Group Me:]e tralnng M‘I:;nst tramlr;nsgD t-Value P- Value
Peak torque I 156.82 +35.0 166.64 +34.92 8.99 0.0001"
g I 158.69 +27.46 210.33 +22.18 23.37 0.0001"
* Significance at P<0.05 SD= standard deviation
OGroup |
B Group Il

250
200
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Peak Torque (Nm)

Pre training

Post training

Fig. (3): Mean values of peak torque pre and post training for both groups.
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Table (3): Percentage of improvement in the
mean values of the peak torque.

Group | | Group Il

Percentage of improvement 6.26% 32.54%
40.00%
30.00%
20.00%
10.00%
0.00%

Group | Group 11

Fig. (4): Percentage of improvement in peak
torque post training.

\ DISSCUSION \

The purpose of this study was to
investigate the effect of different electrical
stimulation protocols on the peak isokinetic
quadriceps muscle torque. This helped set a
protocol for electrical stimulation that can be
followed by physical therapists.

The principal finding of this study
support that there were significant differences
between the effects of the different ES
protocols used in this study in the magnitude
of the peak isokinetic quadriceps muscle
torque. The combination stimulation protocol
that progressively increased PD first to the
maximum level followed by progressively
increased  frequency  produced  better
improvement in the values of peak torque than
the protocol that progressively increased PD
only while keeping constant frequency.

These findings were in agreement with
(Chou et al., 2008)° who suggested that the
combination  stimulation  protocol that
progressively increasing the PD then the
frequency is the best strategy to improve
muscle performance®.

Based on the literatures, during
voluntary contraction the CNS controls
skeletal muscle force output by varying both
the activation frequency (firing rate of
activated motor unit or rate coding) and the
number of activated motor units (recruitment).
When the recruitment is completed at sub-
maximal force levels, higher forces are

achieved by wusing progressively higher
activation rates of previously recruited motor
units?. So that muscle force can be controlled
by varying the ES frequency and  intensity®.

When low frequency pulsed current
applied, the nerve fiber firing frequency will
be equal the pulse frequency provided that the
pulse intensity is  sufficiently above
threshold®®. The stimulation intensity can be
modulated by adjusting either the current
amplitude or PD of the stimulus which is
easier to control and provide more consistent
force response from the muscle compared to
stimulation ~ amplitude'.  The  possible
physiological ~ mechanisms  that  could
contribute to the findings of the current study
include:

1- Force generation by each muscle fiber:

During the pulse duration modulation
protocol, the frequency was maintained at 50
Hz throughout the protocol and the PD was
modulated from (150 to 450 microseconds).
Thus, a smaller fraction of the motor unit pool
was recruited initially. Then, the PD was
progressively increased to recruit more motor
units. Motor units that were recruited earlier in
the protocol continued to be activated
throughout the protocol. Thus, motor units that
were recruited early were activated for a
longer period of time compared with the motor
units that were recruited later in the protocol®.

In contrast, during the combined PD and
frequency modulation protocol, increased PD
to 450 microseconds just after the end of the
first week of training with ES leads to increase
the activated area of the stimulated muscle and
recruited more motor units'?. Increased
recruitment of motor units allowed sharing of
force generation among a greater number of
muscle fibers throughout the protocol which
resulting in lower adenosine triphosphate
(ATP) consumption per active muscle fiber by
actin-myosin ATPase?’. Therefore, the PD and
frequency modulation protocol produced less
fatigue in the recruited motor unit population
and  consequently  improving muscle
performance®.

2- The number of stimulation pulses:

It also may have contributed to the large
difference between the PD modulation and
combined PD and frequency modulation
protocols. During the PD modulation protocol,
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when all of the motor units were always
activated at a high frequency of 50 Hz, a
greater number of stimulation pulses were
delivered to the muscle compared with during
the PD and frequency modulation protocol, in
which stimulation frequency was progressively
increased from (30 to 60 Hz). The calcium
ATPase and sodium-potassium  ATPase
reactions in response to each action potential
contribute to ATP utilization during muscle
force generation”.

Because relatively fewer pulses were delivered
during the PD and frequency modulation
protocol compared with the PD modulation
protocol, less ATP was utilized by the calcium
ATPase and sodium-potassium ATPase during
the frequency modulation protocol°.

Muscle fatigue is related to metabolic
demand. Higher stimulation frequencies
contribute to more rapid muscle fatigue. Thus,
the PD and frequency modulation protocol
might be less fatiguing than the PD
modulation protocol because it delivers fewer
pulses to the muscles®. The PD and frequency
modulation protocol appeared to be less
fatiguing due to less metabolic demand per
recruited muscle fiber by greater motor unit
recruitment and by delivering fewer
stimulation pulses, which resulted in better
muscle performance than the PD modulation
protocol at the end of training with ES®.

3- The available range for frequency
modulation

It can also be used to explain the
differences in performance. There is a direct
relationship between stimulation frequency
and muscle force production, with near-
maximal forces produced at approximately 60
Hz®. A 30 Hz frequency was the best starting
stimulation frequency for quadriceps femoris
muscle activation because it can prevent low
frequency fatigue and retained a large capacity

to increase  force during  frequency
modulation®.
Conclusion

Electrical stimulation protocol that

progressively increased PD to the maximum
level followed by progressively increased
frequency produced augmentation in peak
torque of the quadriceps muscle than the
protocol that progressively increased PD only

while keeping constant frequency. ES protocol
that used combined modulation of both PD
and frequency is an effective stimulation
strategy for augmentation of muscle strength
and could be used for musculoskeletal and
neuromuscular disorders.

\ REFERENCES |

1- Bax, L., Staes, F. and Verhagen, A.: Does
neuromuscular electrical stimulation strengthen
the quadriceps femoris? A systematic review of
randomized controlled trials. Sports Med; 35:
191-212, 2005.

2- Binder-Macleod, S.A. and Russ, D.W.: Effects
of activation frequency and force on
lowfrequency fatigue in human skeletal
muscle. J Appl Physiol.; 86: 1337-1346, 1999.

3- Binder-Macleod, S.A., Dean, J.C. and Ding, J.:
Electrical stimulation factors in potentiation of
human quadriceps femoris. Muscle Nerve.; 25:
271-279, 2002.

4- Bottaro, M., Russo, A. and Oliveira, J.; The
effects of rest interval on quadriceps torque
during an isokinetic testing protocol in elderly.
Sports Med; 12: 100-110, 2005.

5- Botterman BR, Iwamoto GA, Gonyea WJ:
Gradation of isometric tension by different
activation rates in motor units of cat flexor
carpi radialis muscle. J Neurophysiol; 56: 494-
506, 1986.

6- Chou, L.W., Kesar, T.M. and Binder- Macleod,
S.A.. Using customized rate-coding and
recruitment strategies to maintain forces during
repetitive activation of human muscles. Phys
Ther; 88: 363-375, 2008.

7- Croce, R.V., Pitetti, K.H., Horvat, M. and
Miller, J.: Peak torque average power, and
hamstrings/quadriceps ratios in nondisabled
adults and adults with mental retardation. Arch
Phys Med Rehabil; 77: 369-378, 1996.

8- Drouin, J., Mcleod, T., Shultz, S., Gansneder,
B. and Perrin, D.: Reliability and Validity of
the Biodex System 3 pro Isokinetic
Dynamometer velocity, torque and position
measurements Eur. J. Appl. Physiol.; 91(1):
22-29, 2004.

9- Dvir, Z.. Isokinetics muscle testing,

interpretation and clinical  applications.

Churchill Livingstone. London, 101-107, 1995.

Frank, K., Bolck, B., Bavendiek, U. and

Schwinger, R.H.: Frequency dependent force

generation  correlates with  sarcoplasmic

calcium  ATPase activity in  human

myocardium. Basic Res Cardiol.; 93: 405-411,

1998.

10



Bull. Fac. Ph. Th. Cairo Univ., Vol. 18, No. (2) Jul. 2013

123

11- Fredriksen, P., Fosdashl, M. and Vollestad, N.:
A normative sample of isotonic and isokinetic
muscle strength measurements in children 7 to
12 years of age Acta Paed; 97: 602-607, 2008.

12- Gorgey, A.S., Black, C.D., Elder, C.P. and
Dudley, G.A.: Effects of electrical stimulation
parameters on fatigue in skeletal muscle. J
Orthop Sports Phys Ther.; 39: 684-692, 2009.

13- Gorgey, A.S., Mahoney, E., Kendall, T. and
Dudley, G.: Effects of neuromuscular electrical
stimulation parameters on specific tension. Eur
J Appl Physiol; 97: 737-744, 2006.

14- Hogan, M.C., Ingham, E. and Kurdak, S.S.:
Contraction duration affects metabolic energy
cost and fatigue in skeletal muscle. Am J
Physiol.; 274: 397-402, 1998.

15- Kesar, T. and Binder-Macleod, S.A.: Effect of
frequency and pulse duration on human muscle
fatigue during repetitive electrical stimulation.
Exp Physiol; 91(6): 967-976, 2006.

16- Kesar, T., Chou, L.W. and Binder-Macleod,
S.A.; Effects of stimulation frequency versus
pulse duration modulation on muscle fatigue. J
Electromyogr Kinesiol; 18(4): 662-671, 2008.

17- Laufer, Y. and Elboim, M.: Effect of burst
frequency and duration of kilohertz-frequency
alternating currents and of low-frequency
pulsed currents on strength of contraction,
muscle fatigue, and perceived discomfort. Phys
Ther; 88: 1167-1176, 2008.

18- Laufer, Y., Ries, J.D., Leininger, P.M. and
Alon, G.: Quadriceps femoris muscle torques
and fatigue generated by neuromuscular
electrical stimulation with three different
waveforms. Phys Ther; 81: 1307-1316, 2001.

19- Lyons, C.L., Robb, J.B., Irrgang, J.J. and
Fitzgerald, G.K.: Differences in quadriceps
femoris muscle torque when using a clinical

electrical stimulator versus a portable electrical
stimulator. Phys Ther; 85: 44-51, 2005.

20- Paillard, T., Margnes, E., Maitre, J., Chaubet,
V., Francois, Y., July, L., Gonzalez, G. and
Borel, L.: Electrical stimulation superimposed
onto voluntary muscle contraction reduces
deterioration of both postural control and
quadriceps  femoris  muscle  strength.
Neuroscience; 165: 1471-1475, 2010.

21- Potma, E.J., Stienen, G.J., Barends, J.P. and
Elzinga, G.: Myofibrillar ATPase activity and
mechanical performance of skinned fibres from
rabbit psoas muscle. J Physiol.; 474: 303-317,
1994,

22- Robinson, A.J. and Snyder-Mackler, L.
Clinical Electrophysiology: Electrotherapy and
Electrophysiologic Testing. Baltimore, MD:
Lippincott Williams & Wilkins, 15-22, 2007.

23-Seki, K. and Arusawa, M.: Firing rate
modulation of human motor units in different
muscles during isometric contraction with
various forces. Brain Res.; 719: 1-7, 1996.

24- Stackhouse, S.K., Binder-Macleod, S.A.,
Stackhouse, C.A., McCarthy, J.J., Prosser, L.A.
and Lee, S.C.: Neuromuscular electrical
stimulation versus volitional isometric strength
training in children with spastic diplegic
cerebral palsy: a preliminary  study.
Neurorehabil Neural Repair; 21: 475-485,
2007.

25- Ward, A.R., Oliver, W. and Buccella, D.: Wrist
extensor torque production and discomfort
associated with low frequency and burst
modulated kilohertz frequency currents. Phys
Ther; 86(10): 1360-1367, 2006.

26- Ward, A.R.: Electrical stimulation using
kilohertz-frequency alternating current. Phys
Ther; 89: 181-190, 2009.

| ol pedldl |

Al aje Ao 20 il (addie adafial) LAl Al gl Ayl Y oS i g g il

Al lea Ay G Ay iSlimall 858 52 3 allall 8 Al By ey a3y s iSlmall Jiali L Bae ) Al s L jeSD) 4l

DA e 1) Al eda Caagly L Sl S

apiil) Guadail 4 gllae O Lanl) 8 68 8L ) LA (e adaind Al AL <))

Sl 4l J oS g5 B s LB e S Al e lll Alaall o 5e bl e AleSl) 4l Aliaal) &Y S 55 )
(:AJLAQ\Lu)XA J}S.ﬂ\ L)A;l;;a‘)” U"‘U“;‘:‘U:."‘-‘)‘ LA‘; :\.m\).ﬂ\ Yy tl\g);\ Jsl} fo_'.\.\ﬂ\ CM\ @L&A}\ Z.Lu..\}m;\_ﬁ\ uSA.\
L de ganall o priall At 3l Aanill J S 535 ) oY) de sanal) (i gluiia (e sana S Ll sl agardi 15 19.8+0.74
pal o5 285 ol ol Ba) e sandl e OB (38 e Baal L eI apuil) o3 il | (Lriiall a5 5 e ) Al J S 555 2)
aond) o 3 ise nalyy @llia adl ol < yedal 3By oy il 5 38 a1 elgil aay s il ey U8 Apely ) Alaall 4 5o il
bt s Aia Sl Al el 08 55l A aally psatal) a3 5 R 1) dmtl) S 555 2 ookl s Aol ) Alimall i)
B ) B3I gy o (o) nl) () e ) il Ay ) 5oL 3 oy (301 (35S 4t J S 58 o 1) om0
) g e At N bl i a5 3y 3 o3 58 55551 (g Aol Aanll i) o 3all 3 Juadl oo aie g 2 il




