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Effect of Modulated TENS
on Muscle Activation, Oxygenation, and Pain:

Searching for a Physiological Mechanism

Natasa S. Kavcic
Greg H. Lehman
Stuart M. McGill

ABSTRACT. Objectives: To understand the possible physiological mechanisms of a modulated
transcutaneous electrical nerve stimulation [TENS] device on the reported reductions in pain using
quantitative electromyography to measure muscle activation and near-infrared spectroscopy to es-
timate muscular oxygenation levels.

Methods: All subjects self-selected the intensity of the TENS stimulation current. Electro-
myography, near-infrared spectroscopy and a color analog scale of pain intensity to measure
reported pain levels were collected both pre- and post-treatment. For Studies 1 and 2, measures of
muscle activity and self-perceived pain were taken from 51 male and female subjects. For study 3,
measures of muscle oxygenation and pain scores were taken from 12 different subjects.

Results: Myoelectric activation level and pain scores of painful muscles were reduced after
treatment [P < 0.001] with no change in activation or pain in the control muscles. The follow-up
study revealed that muscle oxygenation was significantly increased in the treatment trials when
compared to the control trials [P = 0.013], while the color analog scale of pain intensity pain scores
decreased [P < .05].

Conclusions: Pain reduction following TENS treatment has been reported before. The docu-
mented reduction in muscle activation suggests less vasoconstriction from prolonged contraction.
Simultaneous documentation of increases in available oxygen suggests a tenable mechanism; re-
duced contraction level and less oxygen consumption, and/or more blood flow suggests an in-
creased capacity to flush metabolites known to cause pain. [Article copies available for a fee from The
Haworth Document Delivery Service: 1-800-HAWORTH. E-mail address: <docdelivery@haworthpress.com>
Website: <http://www.HaworthPress.com>  2005 by The Haworth Press, Inc. All rights reserved.]
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INTRODUCTION

Transcutaneous electrical nerve stimulation
[TENS] isacommontherapeuticmodalityused
to reduce the perception of pain (1-4). This mo-
dality applies an electrical signal to the skin
where differences in the pulse amplitude, dura-
tion and frequency of the stimulation current,
and volley pattern define the different types of
TENS treatments. Traditional TENS outputs a
constant volley of pulses with a pulse duration
ranging from 30 to 250 microseconds at a pulse
rate that can vary from 3 to 300 Hz. Within the
classification of traditional TENS, high fre-
quency TENS outputs a frequency of stimula-
tion greater than 50 Hz; low frequency TENS
outputs at a frequency less than 10 Hz (4). Burst
TENS units produce bursts of high frequency
pulses within a low frequency burst rate (3). A
commonly cited response to prolonged use of
traditional TENS units is an adaptation or grad-
ual diminution in the ability to sense the fixed
parameter stimulation patterns. However, this
habituation may be reduced with variation in
signal amplitude and frequency throughout the
treatment, otherwise referred to as modulated
TENS (4). The intensity of the stimulation cur-
rentemittedfromtheTENSunits furtherclassi-
fies the type of treatment. A low-intensity stim-
ulation pattern [known as sensory-level TENS]
activates only cutaneous sensory fibers where
the patient feels a mild superficial sensation
without muscular contraction (1,3,4). A high-
intensity stimulation pattern [known as motor-
level TENS] activates skeletal muscle fibers
and muscular contractions are produced. In-
creasing the amplitude of the stimulation cur-
rent increases the number of activated motor
units, creating a stronger contraction (1,3,4).

Transcutaneous electrical nerve stimulation
has been reportedly used to relieve both acute
and chronic pain symptoms of various origins.
Studies thathaveassessed theefficacyofTENS
treatments frequently report a significant re-
duction in patients’ perceived level of pain and
dysfunction after treatment, however, a pla-
cebo effect is commonly observed (5-8). Stud-
ies that compare the analgesic response of
TENS to that of other modalities and to a sham
or placebo treatment report conflicting results
(7-10). Some studies have reported that al-
though no difference is observed between the

analgesic effects of the different treatments, a
greater reduction in pain is reported with TENS
treatment compared to the placebo (8,10). In
contrast, other studies have reported that nei-
ther the TENS nor other therapies produced a
significant reduction in pain perception com-
pared to the placebo trials (5-7,9,11). One con-
sideration that should be made when interpret-
ing the conflicting results is that the outcome
measures commonly used in these studies are
highly subjective and may lack the necessary
sensitivity to differentiate between conditions.
The most common outcome measures used in
these studies to assess levels of pain and dys-
function are surveys, questionnaires, rating
scales, and physical performance measures
(3,5-7).

In contrast, studies that assess the potential
mechanisms of action for TENS use more ob-
jective measures. Mechanistic studies have
indicated that TENS acts at both central and pe-
ripheral levels of pain control. Centrally, cer-
tain frequencies of TENS treatments are suc-
cessful at activating specific opioid receptors.
Studies have found that blockage of the µ and δ
opioid receptors prevents the analgesic effects
produced from administering low and high fre-
quency TENS, respectively (3,12). After treat-
ment with both high and low frequency TENS,
increased concentrations of certain opioids have
been detected in the cerebrospinal fluid (3,13).
Other research has found that concentrations of
β-endorphins increase in the blood-stream and
cerebral spinal fluid after treatment (3,14,15).
These findings suggest that these physiological
responsesmaybelinkedto theantihyperalgesia
effect produced after treatment.

Other studies have begun to investigate pe-
ripheraleffectsofTENStherapy.Althoughthis
area is less researched, initial studies have
found increases in local blood flow with low
frequencies of TENS stimulation (3,16,17) while
high frequency stimulation either just above or
belowthemotor thresholddidnot leadtosignif-
icant changes (3,18). One mechanismby which
TENS therapy may reduce pain perception is
through a reduction in elevated resting muscle
activation levels. Previous research has identi-
fied some peripheral physiological reactions to
sustained levels of electromyographic activity.
Sjøgaardetal. (20) reportedthat in thelowerex-
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tremity muscles, potential mechanisms of fa-
tigue resulting from prolonged levels of muscle
activation are a reduction in both intramuscular
blood flow and substrate delivery. During very
low activation levels [less than 10 percent
MVC], in which intramuscular blood flow is
not affected, impairments in substrate utiliza-
tion may have an effect. McGill et al. (21) re-
ported a reduction in muscle oxygenation in the
active back extensors associated with prolonged
isometric voluntary contractions [as low as two
per cent MVC]. The oxygenation levels re-
turned to baseline once the contraction was re-
leased. Although the elevated muscle activa-
tion levels investigated in the above studies
were developed voluntarily, resting myoelec-
tric activity is not (22). The fatigue that results
from these prolonged contractions, over time,
may present as a mechanism for an increase in
pain perception. This leads to a hypothesis that
levels of muscle oxygenation may play a role in
the pathogenesis of the increased pain and fa-
tigue resulting from sustained levels of ele-
vated myoelectric activation.

The purpose of this study was to assess if
changes in muscle oxygenation and involun-
tary muscle activation are potential peripheral
physiologicalmechanisms behind theperceived
pain relief obtained with a single treatment
from a modulated, motor-level TENS device.
We tried to utilize quantitative physiological
metrics that registered signals about muscle
function that were independent of qualitative
perception.

MATERIALS AND METHODS

Three cascading studies are reported here.
The first study was a pilot study to evaluate
whether the myoelectric signal was associated
with reported pain levels, and subsequent
changes pre- and post-treatment. The second
study involved testing more patients, using
non-painfulmuscles forcontrol.Also, acontrol
trial with no treatment was performed to assess
the effects of the treatment posture. The third
study was to employ near-infrared spectros-
copy [NIRS] to see if oxygenation levels were
affected.

Treatment

The high-intensity, modulated TENS device
tested1 had adjustable output parameters that
included the duration of treatment [10 or 20
minutes], modulated pulse pattern programs
[three options], and signal intensity [arbitrarily
labelled through a range of 0 to 10]. For this
study, all treatment sessions consisted of 20-
minutes of stimulation. The pulse pattern pro-
gram used in this study is identified on the unit
as massage setting number 2. Measures taken
in our laboratory enabled us to investigate the
waveforms of typical TENS units and make
comparisons to that of the TENS unit investi-
gated in this study. The signals generated by
TENS devices vary by unit and manufacturer.
Commoncharacteristics includehigh frequency
stimulation patterns of individual biphasic pulses
where a positivephase of eachpulse is typically
a square-wave while the negative phase is a
sawtooth-rampwaveform[Figure1a].Theposi-
tive/negativephasesmaybeasymmetricalabout
zerovoltage [to minimizeDC effects to the skin
and subcutaneous metabolites]. The duration
of the individual pulses typically range from
30-250 microseconds. Pulse rate typically var-
ies from 3 to 1000 Hz. The pulse signal gener-
ated by the TENS devise used in this study
matches the typical pulse pattern described
above [Figure 1b] with the major difference be-
ing in the variety of signal pulse sequencing
[see Figures 2 a,b,c]. Specifically, it outputs a
uniquemodulatedburstpattern.Thesignalpro-
gram [programmed in the unit by the manufac-
turer] begins by generating stimulating pulse
sequences that slowly increase in peak to peak
voltage over several seconds and then decrease
in a ramp-like fashion providing a wave-like
stimulation contraction perceived by the pa-
tient. Other patterns follow that incorporate
short duration but more intense bursts of TENS
pulses to provide a perception of “chopping.”
The treatment program usually concludes with
the slower ramp increase/decrease of pulse
trains as they diminish in signal intensity.

The two stimulating pads, each measuring
[4.5 mm � 4.5 mm], were placed over the re-
ported painful muscle [specific details for each
study are reported below]. The pads contained
an electricallyconducivegelpad on theside ad-
hered to the patient. Before application, a small
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amount of water was placed on the hydrophilic
gel pads to enhance electrical conduction. At
the start of the treatment session subjects were
instructed to choose an intensity [from 0 to 10]
that stimulated the highest tolerable level of
muscle contraction without causing any pain.
This level of stimulation is commonly pre-
scribed and referred to as high-intensity TENS
(3). The intensity was individually selected by
each subject to simulate the application meth-
odsdescribedforat-homeusage.Regardingthe
TENS application, intensity selection was the
onlyoptionthatwasavailable to thepatientdur-
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AMPLITUDE

PULSE DURATION

FIGURE 1. A typical “textbook” transcutaneous
electrical nerve stimulation [TENS] waveform [2
pulses are shown] where the positive phase is a
square-wave and the negative phase is a saw-
tooth-ramp waveform [a] and a pulse waveform
generated by the TENS unit tested in this study [b]
indicating that the waveform itself is a typical TENS
shape. The signal amplitude is representative of
the voltage of the signal; however, the units in this
figure are arbitrary.
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FIGURE 2. Some pulse patterns generated within
a treatment program by the transcutaneous electri-
cal nerve stimulation unit. A triplet “burst” of pulses
typical of the pulse pattern [a]. A ramp increase of
pulses causing progressive muscle contraction [b].
Ramp increases in pulse amplitudes cause wave-
like contractions [c]. The signal amplitude is repre-
sentative of the voltage of the signal, however, the
units for the vertical axis in this figure are arbitrary.

[a]

600

400

200

0

200

400

�

�

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
� 104

[b]

� 104

800

600

400

200

0

200

400

600

�

�

�
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

[c]



ing this study. The intensity was maintained for
the entire duration of the treatment.

Instrumentation

Electromyography

Electromyography [EMG] signals were col-
lected on a portable four-channel EMG unit
[Myotrak 2] coupled to a portable computer
with on-board analog to digital conversion ca-
pabilities.BipolarAg-AgClelectromyography
electrodes2 [with a center-to-center distance of
2.5 cm] were adhered to the skin over specific
sites on the painful muscles [sites are described
ineachsectionof thestudy].Prior toplacing the
electrodes on the skin, a thorough skin prepara-
tion was performed that involved shaving the
area with a disposable razor and cleaning the
area with a 10 percent ethanol solution.

All raw myoelectric signals were pre-ampli-
fied to produce signals of approximately ± 5V
[common mode rejection ratio greater than 90
dB at 60 Hz and pre-filtered to produce a band
width of 10 to 500 Hz]. All myoelectric signals
were A/D converted [12 bit resolution] at 1024
Hz. Signals were then digitally full wave recti-
fied and low pass filtered [single pass, Butter-
worth filter] at a cut-off frequency of 2.5 Hz to
approximate the frequency response of torso
muscles (23).

Each patient performed sub-maximal test
contractions for normalizing the EMG signal
amplitudes.Thesub-maximalcontractionswere
obtained while patients stood with the torso up-
right and the arms outstretched horizontally in
front with five pounds suspended from the
hands. All EMG signal amplitudes were ex-
pressed as a percentage of the amplitudes mea-
sured during this task. Each collection was five
seconds indurationand theaveragenormalized
EMG amplitude for the entire time was calcu-
lated.

Near-Infrared Spectroscopy

Muscleoxygen[O2] saturationwasmeasured
using near infrared spectroscopy [NIRS]. The
NIRS pad, measuring [110 mm by 90 mm],
containedthelightsourceandtwolightsensors.
The pad was placed directly over the painful

muscle [specificdetailsaredescribedwitheach
section of the study]. The light source on the
NIRS pad emits continuous wavelengths of
white light.Previousresearchhas indicatedthat
different wavelengths within the spectrum of
white light are absorbed by different biological
tissues (24). Specific to O2 saturation, the 760 nm
wavelength is highly absorbed by deoxygen-
ated heme and the 850nm wavelength is highly
absorbed by oxygenated heme. All other bio-
logical tissues [muscle, bone, adipose tissue,
etc.] reflect these two wavelengthsof lightback
up to the sensors located on the NIRS pad. The
signaloutputtedbytheNIRSunit isadifference
signal indicating the difference in absorption
between the 760 and 850 nm wavelengths. This
signal was sampled at a frequency of 5 Hz.

The lamp intensity was altered between 8,6,
and 4 V from patient to patient based on the
strength of the signal reflected back to the sen-
sors. For example, the level of subcutaneous fat
overlying the muscle of interest negatively af-
fects the strength of the signal (24), therefore,
the lampintensitywasadjustedforeachpatient.
The time constant was set to the shortest re-
sponse time.

Once the NIRS pad was placed over the spe-
cific site, it was adhered to the patient with an
elastic tensor bandage to prevent displacement
and covered with a dark color cloth to prevent
the detection of ambient room light.

Calibration of the NIRS signal was con-
ducted with each subject positioned in their
treatment posture [detailed in each section of
the study]. Bias was removed from the NIRS
electrical output by manually adjusting the sig-
nal to 0 mV with the balance control. The gain
was adjusted to provide maximum signal de-
flections in the range of ± 600-1000 mV as di-
rected by the instruction manual for the unit.
Each subject’s resting O2 saturation level was
considered 100 percent O2 saturation. The cali-
bration procedure involved determining the
maximum deflections of the NIRS signal, rep-
resenting 100 percent absorption of the 760 nm
wavelength followed by 100 percent absorp-
tionof the850nmwavelength. Interpretationof
the signal extends only to assessing the kinetics
of thedifferencesignal.Quantifyingthemagni-
tude of the changes in O2 saturation requires in-
formation about the path-length of light from
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source to sensor and this path length is depend-
ant on the absorption properties of the biologi-
cal tissues found along the path (24). Conse-
quently, the path-length is very difficult to
determine since the absorption properties for
different biological tissues vary between people
(24). For further description of NIRS signal
collection and interpretation, the reader is di-
rected to other research such as McCully and
Hamaoka (24) and MacDonald et al. (25).

Color-Analog Pain Scale

Color analog scale [CAS] pain scores were
obtained with a sliding template [Tylenol©
Pain CAS Device at http://www.painscale.ca/
eng/]. Patients were requested to slide a pointer
to indicate their perceived level of pain in the
painful area. The background of the scale pre-
sented to the patient consisted of a continuous
spectrum of intensity in shades of red together
with a change in the thickness of the red area.
After the patients were instructed on the inter-
pretation of the spectrum, they positioned the
slider and the researcher recorded a scaled
number on the back of the device that was not
visible to the patient.

STUDY 1–PILOT

Patients

For the pilot study, a random sample of 10
volunteers was selected from the patient popu-
lation visiting a university Research Clinic for
pain relief. Patients were selected with bilateral
pain complaints in the neck and shoulder re-
gion, specifically the upper trapezius. The spe-
cific origin or grade of pain was not assessed.
Therewerenoother specific inclusionorexclu-
sion criteria. The goal for this study was to as-
sess the immediate neuromuscular response to
the TENS treatment, therefore, control of con-
current treatments for their pain complaints
was not considered. All subjects gave their
written consent to participate after reading a
full written description of the purpose and pro-
cedure of the experiment approved by the
University Office of Research Ethics.

Data Collection

The TENS electrodes were placed over both
the right and left trapezius muscle at the level of
C7. One subject, however, complained of pain
at the level of C4. Consequently, the stimulator
pads were placed on the trapezius muscle bilat-
erally at the C4 vertebral level. In general, the
treated area was determined subjectively by a
clinician through palpation and patient reports
in attempts to find the area of highest muscular
pain. The EMG electrodes were placed on the
treated muscles, as close to the treated area as
possible. Patients were administered the TENS
treatment while lying relaxed in a supine pos-
ture. Muscle activity was measured bilaterally
in the trapezius muscle during a quiet relaxed
stance posture, immediately before and after
treatment with the TENS device. Color analog
scale pain intensity measures were taken with
each measure of muscle activity.

Data Analysis

A paired t test was used to assess the changes
in average normalized muscle activation be-
tween thepre-andpost-treatment testmeasures
together with the pre- and post-treatment CAS
pain score measures.

STUDY 2–
ELECTROMYOGRAPHY ANALYSIS

Patients

In this study, 41 volunteers were randomly
selected from a patient population visiting a
large city pain clinic on the days of testing.
Noneof thesepatientshadparticipatedinStudy
1. Patients were selected with unilateral pain in
the neck and shoulder region, and/or the back.
Thespecificoriginandgradeofpainwasnotas-
sessed. Similar to the Study 1, no other selec-
tion criteria was used. Every patient who met
this criteria agreed to participate when asked,
such that thesamplepopulationconsistedofev-
ery sequential patient meeting these criteria.
Thus, the sample population could be consid-
ered representative of the heterogeneous group
of patients who would attend a pain clinic and
receive TENS therapy. All patients gave their
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written consent to participate after reading a
full written description of the purpose and pro-
cedure of the experiment approved by the
University Office of Research Ethics.

Data Collection

For 31 subjects, one TENS stimulator pad
was placed over the painful muscle and the
other pad over the non-painful contra-lateral
muscle to act as a control. On the side of pain,
the placement of the stimulator pad was deter-
mined through palpation and patient reports as
in Study 1. This placement was replicated on
the control muscle. In this group, some subjects
presented with more than one painful muscle,
therefore a total of 70 painful muscles were as-
sessed. Patients were positioned in a posture
that provided the most comfort and this posture
varied across subjects. The three options were
sitting in a chair or lying either prone or supine.
Thisposturewasmaintainedfor theentiredura-
tion of the 20-minute treatment session, as well
as for all pre- and post-measurements. Muscu-
lar activity was collected in both muscles im-
mediately pre and post treatment and CAS pain
intensity measures were taken with each record-
ing of muscle activity.

A second group of 10 patients were used as a
control group to assess the effects of the treat-
ment posture on the electromyogram. Only the
unilateral painful muscle was treated and as-
sessed in this group. In this group, some sub-
jectspresentedwithmore thanonepainfulmus-
cle, therefore a total of 24 painful muscles were
assessed. The treatment posture was selected
by the patient to promote comfort and the pa-
tients maintained this posture for 20 minutes
with no treatment. Pre-and post-EMG mea-
sures were recorded. Immediately following
the control trial, patients were treated with 20
minutes of TENS stimulation while maintain-
ing the same posture. The EMG measures were
recorded immediately post treatment. All mea-
sures were obtained while patients maintained
the self-selected posture.

Data Analysis

Apaired t-testwasused toassess thechanges
in muscle activation between the pre- and post-
measures for both the control and treatments
muscles, as well as for both the control and

treatment trials. A paired t-test was also used to
compare the pre- and post-treatment CAS pain
score measures.

STUDY 3–NEAR-INFRARED
SPECTROSCOPY ANALYSIS

Patients

For this final phase of the study 12 subjects
[three males, nine females]with an age range of
32 to 80 years [X = 51 years ± 13], and average
heightof169cm[±9cm]andweightof75kg[±
11 kg]. The subjects used were different from
those tested in Study 1 and 2, were volunteers
from a patient population visiting the pain
clinic on the days of testing. Patients exhibited
pain in the neck and shoulder region, and/or the
back. As in the previous two studies, the spe-
cific origin or grade of pain was not assessed
and no other specific inclusion or exclusion cri-
teria were used. All subjects gave their consent
to participate after reading a full written de-
scription of the purpose and procedure of the
experiment approved by the University Office
of Research Ethics.

Data Collection

MuscleO2 saturation[hemoglobinandmyo-
globin] and self-perceived pain was measured.
The subjects in this study complained of neuro-
muscular pain symptoms either in the cervical
regionandshoulders [N =3], thoracic [N =1]or
lumbar region [N = 8]. Both the NIRS pad and
the TENS electrodes were placed on the same
muscle, directly over the site of greatest pain as
determined by palpation from a therapist as
well as patient reports similar to Study 1 and 2.
Specifically, the placement priority was given
to the NIRS electrodes which were placed di-
rectly over the site of greatest pain while the
TENS electrodes were placed along the same
muscle belly, on either side of the NIRS pad.
Each subject performed a control trial where
they relaxed for 20 minutes while lying prone
on a treatment table but with no treatment, im-
mediately followedby 20 minutesof treatment.
Thesubjects’positionremainedconstant through
both the control and treatment trials. The NIRS
signal was collected for the entire duration of
both the control and treatment trials. Pre- and
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post-treatment and control CAS scores were
obtained. All measures were taken in the prone
relaxed lying posture. Again, pre-measures
were taken immediately before the control and
treatment trials and post-measures were taken
immediately after the 20-minute treatment or
control trial.

Data Analysis

For theNIRSdata, theslopeof thepercentO2
saturation curve over the entire 20-minute con-
trol and treatment trials was calculated [Figure
3]. This curve represents the relative change in
per cent O2 saturation. A paired t-test was used
to assess any significant differences in relative
change in per cent O2 saturation between the
control and treatment trials. The CAS scores
obtained with the NIRS measures were ana-
lyzed with a paired t-test as well. Results were
considered significant when P < .05. All statis-
tical analyses for each study were performed
with SPSS 10.1.

RESULTS

Study 1–Pilot

Eight of the 10 patients demonstrated reduc-
tions in pain [one patient showed no difference
and one patient an increase] after the treatment
session. The average CAS scores of all subjects

decreased from 3.2 to 2.4 for a 26 percent over-
all reduction [P < 0.05].

Four of 10 patients demonstrated substantial
reductions in EMG amplitude in one or both
sides [37.8 percent average decrease]. Another
four patients showed very small trends toward
decreasing average amplitudes but the pre treat-
ment EMG amplitudes were too small [<six
percent of normalized amplitude] to claim bio-
logically meaningful reductions. Two of the 10
patients showed small absolute increases in
EMG amplitudes [an average 60.9 percent in-
crease], however, neither of these two subjects
reported an increase in their discomfort.

Study 2–Electromyography Analysis

In this phase there were a total of 94 painful
muscles analyzed. For the 31 patients who only
had pre-and post-treatment measures [70 pain-
ful muscles were observed], the mean muscle
activation level was 10.3 percent [SD ± 9.9] be-
fore treatment.Theactivationwassignificantly
reduced to 8.0 percent [SD ± 7.7] after treat-
ment[P<0.001].Asexpected, therewasnosig-
nificant difference in amplitude in the non-pain-
ful control muscles. Color analog scale scores
pertaining only to the painful muscle were 5.21
[SD ± 2.4] before the treatment and significantly
reduced to 2.22 [SD ± 3.7] following the treat-
ment [P < .0001].

For the 10 patients who performed a control
trial, the average initial level of muscle activa-
tion was 20.3 percent [SD ± 12.7]. There was a
significant drop in muscle activity over the
20-minute control period [14.7 percent, SD ±
6.3, P < 0.001]. A further significant drop in
muscle activity occurred after the subsequent
treatment [11.9 percent, SD ± 5.5, P < 0.01].

Study 3–Near-Infrared Spectroscopy
Analysis

For the NIRS analysis, the results of three
subjects were excluded due to procedural com-
plications. Specifically, for two subjects, lying
in the same position for 40 minutes extremely
aggravated their level of muscle stiffness and
pain. Throughout the trials they shifted a great
deal and, as a result, the NIRS signal fluctuated
dramatically. For the third subject, a miscom-
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munication between the patient and tester re-
sulted in the muscle stimulation device to be set
at an extremely low setting, which did not
constitute a treatment.

For the remaining nine subjects, the average
relative change in muscle oxygenation over a
20-minute period across all subjects showed a
significant increase between the control and
treatment trials [P < 0.05] [see Table 1]. An ex-
ample of the kinetics of the NIRS signal from a
representative subject is shown in Figure 3 for
the duration of the 20-minute treatment and
control trials. Interestingly, during the control
trial, four subjectsactuallydemonstratedadrop
in muscle oxygenation while the remaining
four demonstrated minimal increases for a null
effect [Figure 4]. However, during the treat-
ment with the TENS unit, the relative muscle
oxygenation significantly increased for all sub-
jects [P = .013] [Table 1].

For this collection, the average CAS score
obtained before the control trial was 3.12 [SD ±
1.62] and was not significantly different from
2.83 [SD ± 1.57] obtained after the control trial.
However, theaverageCASscoreobtainedafter
the treatment 1.41 [SD ± 0.86], was signifi-
cantly lower than the post-control/pre-treat-
mentaverageCASscore[P<0.05][Table1].

DISCUSSION

Claims made by patients treated with TENS,
as well as clinicians that administer it, is of a re-
duction in muscle pain, however, these are re-
ports of subjective perceptions. The results of
this study support the perceived and reported

reductioninthelevelofpainfollowingtreatment
as measured through a decrease in the reported
CAS scores. As well, the findings indicate that
elevated muscle activation and reduced muscle
oxygenation are linked to pain. The first two
studies conducted in this paper suggests that
there isa linkbetweenthereportedanalgesicef-
fectproducedfromTENStherapywitha reduc-
tion in involuntary resting muscle activation.
On average, this response was only observed in
the treated muscle[s] and not the associated
control for the majority of subjects. The third
study in our paper found that muscle oxygena-
tion significantly increased following treatment
with the TENS unit and this increase was asso-
ciated with a decrease in pain perception re-
ports. The mechanism of high intensity modu-
lated TENS documented here suggests that this
form of treatment is based on physiological
mechanisms beyond just placebo.

Interpreting the link between muscle activa-
tion, muscle oxygenation, and pain perception
can be assisted with findings reported by
Sjøgaard et al. (20). As stated previously, these
researchersassessed theeffectsofdifferent lev-
els of voluntary contractions on changes in in-
tramuscular blood flow and muscular fatigue.
Theyreported thatduringprolongedlow-inten-
sity contractions [less than 10 percent MVC] of
thelowerextremitymuscles,nochangewasob-
served in muscle blood flow or substrate deliv-
ery. What was observed was that fatigue still
developedover time.Theauthorshypothesized
thatpotentiallyan impairment insubstrateutili-
zation occurred as a result of the low level con-
traction and this may have led to the increased
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TABLE 1. Summary of NIRS and CAS Pain Scale
Measures for Treatment and Control Trials

Relative change in
%O2 saturation [%/min]

CAS analog pain scale value

Control Treatment Pre-control Post-control/
Pre-treatment

Post-
treatment

Average �0.0014 0.0028* 3.12 2.83 1.41**

SD 0.0038 0.0010 1.62 1.57 0.86

*For %O2 saturation, Treatment measure is significantly different from
Control measure [P < 0.05]
**For CAS pain scores, Post-treatment measure is significantly different
from Post-control/Pre-treatment measure [P < 0.05]
NIRS = near-infrared spectroscopy
CAS = color analog scale
% = percent
SD = standard deviation
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FIGURE 4. The percent change in the relative oxy-
genation [%] per minute while lying without treat-
ment [control] and lying while receiving treatment
with the muscle stimulator for each subject tested.



level of fatigue. In muscular contractions of a
higher intensity [greater than 10 percent MVC]
a reduction in muscular blood flow and sub-
strate delivery occurred. These findings pres-
ent two possible mechanisms for the results re-
ported here. Increased levels of involuntary
muscle activation may reduce substrate deliv-
ery and increase utilization. The fatigue that
consequently develops, over a prolonged pe-
riod of time, may increase pain perception. The
treatment process which involved the modu-
lated TENS device tested here successfully re-
duced myoelectric activation levels as well as
increased muscle oxygentation. These objec-
tive measures may indicate a reversal in the
negative effects on substrate delivery and utili-
zation, ultimately leading to the measured re-
duction in pain perception.

Further differentiating the NIRS signal into
changes in substrate delivery versus utilization
is not possible given the lack of supportive re-
search. Van Beekelt et al. (26) attempts to asso-
ciate the kinetics of the NIRS signal to some
physiological phenomenon and concluded that
the NIRS signal was affected by two major
mechanisms: therateof localoxygenconsump-
tion, and blood flow. However, the more subtle
mechanisms for changes in O2 dynamics, as
registered by the NIRS signal, are not fully un-
derstood and remain somewhat speculative, as
one previous work by MacDonald et al. (25)
had failed to find a strong relationship between
the NIRS signal and muscle blood flow. This
study involved an exercise paradigm where it
was difficult to partition changes in oxygena-
tion specific to arterial, venous, or the capillary
bed suggesting that a simple blood flow expla-
nation may not fully capture the mechanisms at
play. Regardless, the kinetics of the NIRS sig-
nal reflects a weighted average of arterial and
venous Hb O2 saturation and intracellular Mb
O2 saturation.Asnomethodsexist todetermine
the exact proportions of these two sources of
oxygen (25), the observed changes in oxygena-
tionin thisstudycannotbe linkedexclusivelyto
changeswithin themuscle,however, theproce-
dure of the study reported here, minimizes the
contributions from arterial Hb O2 since the
composition of the inspired air was constant.
Consequently, the kinetics of the NIRS signal
can be more accurately linked to changes in in-

tramuscular or venous O2 levels; both provid-
ing information about delivery and utilization
(27). It is possible that the observed changes in
theNIRSsignalcouldpotentiallyresult froman
increase in skin blood flow stimulated by the
muscle contractions produced from the TENS
treatment, however, previous research has found
that changes in skin blood flow has minimal ef-
fect on the NIRS signal (28).

A consideration assessed in this study was
the effect that relaxing in the treatment posture
may have had on the above results. Study 2
found that a relaxed posture significantly re-
duced muscle activation levels. These levels
were further reduced following 20 minutes of
treatment. From the protocol of this study it is
unknown if the reduction following treatment
was a result of posture, treatment or a combina-
tion of both. Despite this result, treatment pos-
ture did not have an effect on muscle oxygena-
tion levels.

Subjects were chosen for each of the three
studies with no additional specific inclusion or
exclusion criteria other than having a painful
muscle. While a limitationexists in that it is dif-
ficult to make conclusions regarding the appro-
priate patient population that would benefit
from this treatment, a corollary asset to this ap-
proach is in the validity of obtaining subjects
who were a perfect random sample of the peo-
ple who attend pain clinic and receive TENS
treatments.

A possible limitation of the protocol used in
the reported study is that, in order to obtain ac-
curate measurements, the NIRS electrode was
placed directly over the painful muscle. Com-
mon treatmentprocedure requires that the mus-
cle stimulator pads are applied in this location
for the most effective treatment; however, the
stimulator pads had to be placed on either side
of the NIRS electrode and not necessarily in the
middle of the painful muscle. Current still
flowed through the target muscle. Another pos-
sible limitation in measuring muscle oxygena-
tion was linked to the length of the testing pro-
cedure. Those subjects who were unable to
remain in one position comfortably for 40 min-
utes were excluded. However, our sample of
only nine subjects demonstrated a highly sig-
nificant relative increase in the O2 saturation
[P<0.005] with treatment. Finally, the patients
selected in this study were chosen for cervical/
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shoulder and back complaints, therefore, re-
sults obtained from other areas of the body
mightbedifferentfromtheonesobservedhere.

CONCLUSION

The results of this study showed that a single
20-minute treatment with quiet lying signifi-
cantly reduced muscular pain and resting acti-
vation levels and increased muscle oxygena-
tion. Although we still do not fully understand
the relative contributions and synergistic ef-
fects of the treatment posture and the TENS de-
vice on myoelectric activation, the quantitative
data reported here provides mechanistic in-
sight. Most importantly, the results obtained
from the NIRS technology and muscle oxygen-
ation are unlikely to have been voluntarily in-
fluenced by the patients as could possibly, the
reported pain [CAS] scores, which was the pri-
mary variable reported in many of the previous
studies. Since only a single treatment session
was tested in this study, further investigation
should involve quantifying the changes in
muscle tension and oxygenation with multiple
treatments over time.

NOTES

1. The TENS device tested in this study is Dr. Ho’s
High-Intensity, Modulated TENS©, manufactured by
Dr. Ho©.

2. Electrodes are Meditrace 130 electrodes manufac-
tured by Kendall-LTP.

REFERENCES

1. Charman RA: Physiotherapy for the Relief of
Pain. In: Carroll D, Bowsher D: Pain Management and
Nursing Care. Butterworth-Heinemann Ltd, Oxford, 1993,
pp. 146-163.

2. Kruger LR, Van Der Linden WJ, Cleaton-Jones
PE: Transcutaneous electrical nerve stimulation in the
treatment of myofascial pain dysfunction. SAJA 36:
35-39, 1998.

3. Sluka KA, Walsh D: Transcutaneous electrical
nerve stimulation: Basic science mechanisms and clini-
cal effectiveness. The Journal of Pain 4: 109-121, 2003.

4. Robinson AJ: Transcutaneous electrical nerve
stimulation for the control of pain in musculoskeletal
disorder. JOSPT 24: 208-226, 1996.

5. Deyo RA, Walsh NE, Martin DC, Schoenfeld
LS, Ramamurthy S: A controlled trial of transcutaneous
electrical nerve stimulation [TENS] and exercise for
chronic low back pain. N Engl J Med 322: 1627-1634,
1990.

6. Langley GB, Sheppeard H, Johnson M, Wigley
RD: The analgesic effects of transcutaneous electrical
nerve stimulation and placebo in chronic pain patients.
Rheumatol Int 4: 119-123, 1984.

7. Lehmann TR, Russell DW, Spratt KF, Colby H,
Lui YK, Fairchild ML, Christensen S: Efficacy of elec-
troacupuncture and TENS in the rehabilitation of chronic
low back pain patients. Pain 26: 277-290, 1986.

8. Moore SR, Shurman J: Combined neuromuscu-
lar electrical stimulation and transcutaneous electrical
nerve stimulation for treatment of chronic back pain: a
double-blind, repeated measures comparison. Arch Phys
Med Rehabil 78: 55-60, 1997.

9. Alves-Guerreiro J, Noble JG, Lowe AS, Walsh
DM: The effect of three electotherapeutic modalities
upon peripheral nerve conduction and mechanical pain
threshold. Clin Physio 21: 704-711, 2001.

10. Johnson MI, Tabasam G: An investigation into
the analgesic effects of interferential currents and trans-
cutaneous electrical nerve stimulation on experimentally
induced ischemic pain in otherwise pain-free volunteers.
Phys Ther 83: 208-223, 2003.

11. Feine JS, Lund JP: An assessment of the efficacy
of physical therapy and physical modalities for the con-
trol of chronic musculoskeletal pain. Pain 71: 5-23,
1997.

12. Kalar A, Urban MO, Sluka KA: Blockade of
opioid receptors in rostral ventral medulla prevents anti-
hyperalgesia produced by transcutaneous electrical nerve
stimulation [TENS]. JPET 298: 257-263, 2001.

13. Han JS, Chen XH, Sun SL, Xu XJ, Yuan Y, Yan
SC, Hao JX, Terenius L: Effect of low and high fre-
quency TENS on met-enkephalin-arg-phe and dynorphin
A immunoreactivity in human lumbar CSF. Pain 47:
295-298, 1991.

14. Hughes GS, Lichstein PR, Whitlock D, Harker
C: Response of plasma beta-endorphins to transcutan-
eous electrical nerve stimulation in healthy subjects.
Phys Ther 64: 64:1062-1066, 1984.

15. Salar G, Job I, Mingrino S, Bosio A, Trabucchi
M: Effect of transcutaneous electrotherapy on CSF
β-endorphin content in patients without pain problems.
Pain 10: 169-172, 1981.

16. Kaada B: Vasodilation induced by transcutan-
eous nerve stimulation in periperal ischemia [Raynaud’s
phenomenon and diabetic polyneuropathy]. European
Heart Journal 3: 303-314, 1982.

17. Sherry JE, Oehrlein KM, Hegge KS, Morgan BJ:
Effect of burst-mode transcutaneous electrical nerve
stimulation on peripheral vascular resistance: Phys Ther
81: 1183-1191, 2001.

18. Indergand HJ, Morgan BJ: Effects of high fre-
quency transcutaneous electrical nerve stimulation on

Kavcic, Lehman, and McGill 29



limb blood flow in healthy humans. Phys Ther 74:
361-367, 1994.

19. Simons DG, Mense S: Understanding the mea-
surement of muscle tone as related to clinical muscle
pain. Pain 75: 1-17, 1998.

20. Sjøgaard G, Savard G, Juel C: Muscle blood flow
during isometric activity and its relation to muscle fa-
tigue. Eur J Appl Physiol 57: 327-335, 1988.

21. McGill SM, Hughson RL, Parks K: Lumbar erec-
tor spinae oxygenation during prolonged contractions:
implications for prolonged work. Ergonomics. 2000;
43: 486-493.

22. Johnson EW: Spasm-revisited. Am J Phys Med
Rehabil 165: 13, 2001.

23. McGill SM, Brereton LC: Frequency response of
spine extensors during rapid isometric contractions: effects
of muscle length and tension. J Electromyogr Kinesiol
8: 227-232, 1998.

24. McCully KK, Hamaoka T: Near-infrared spec-
troscopy: what can it tell us about oxygen saturation in

skeletal muscle? Exercise and Sports Sciences Reviews
28: 123-127, 2002.

25. MacDonald MJ, Tarnopolsky MA, Green HJ,
Hughson RL: Comparison of femoral-blood gases and
muscle near-infrared spectroscopy at exercise onset in
humans. Journal of Applied Physiology 86: 687-93,
1999.

26. Van Beekvelt, M: Quantitative near infra-red
spectroscopy in human skeletal muscle, PhD Thesis,
Catholic University of Nijmegen, The Netherlands, 2002.

27. Silverthorn DU: Human Physiology an Integrated
Approach. Prentice Hall, New Jersey; 1998.

28. Mancini DM, Bolinger L, Li H, Kendrick K,
Chance B, Wilson JR: Validation of near-infrared spec-
troscopy in humans. Journal of Applied Physiology 77:
2740-2747, 1994.

29. Rush P: Acute muscle spasm. CMAJ 165: 13,
2001.

30. Deyo RA. Drug therapy for back pain. Spine 21:
2840-2849, 1996.

30 JOURNAL OF MUSCULOSKELETAL PAIN


