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Transcutaneous Electrical Nerve Stimulation: Basic Science
Mechanisms and Clinical Effectiveness

Kathleen A. Sluka* and Deirdre Walsh'

Abstract: Transcutaneous electrical nerve stimulation (TENS}) is used clinically by a variety of health
care professionals for the reduction of pain. Clinical effectiveness of TENS is controversial, with some
studies supporting whereas others refute its dinical use. Although used by health professionals for
decades, the mechanisms by which TENS produces analgesia or reduces pain are only recently being
elucidated. This article describes the basic science mechanisms behind different frequencies of TENS
stimulation. Specifically, we describe the literature that supports the use of different frequencies and
intensities of TENS. We further describe theories that support the use of TENS such as the gate control
theory and the release of endogenous opioids. The literature that supports or refutes each of these
theories is described. We also review the clinical literature on TENS effectiveness and elucidate the
problems with dlinical research studies to date. In conclusion, TENS is a noninvasive modality that is
easy to apply with relatively few contraindications. However, the dinical efficacy of TENS will remain
equivocal until the publication of sufficient numbers of high quality, randomized, controlled clinical

trials.
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What Is TENS?

ranscutaneous electrical nerve stimulation (TENS) is
Tdefined by the American Physical Therapy Associa-
tion as the application of electrical stimulation to
the skin for pain contrel. TENS is noninvasive, inexpen-
sive, safe, and easy 1o use.* Electricity has been used for
thousands of years for relief of pain, with the first writ-
ten documentation by Aristotie.®®
In the mid-1800s and early 1800s a number of physi-
cians and dentists reported the use of electricity as an
analgesic and anesthetic. However, electrical stimulation
for pain relief was not fully accepted by the medical field
untit the publication by Wall and Sweet®® in 1967 in re-
sponse to the gate theory of pain.®' Wall and Sweet
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demonstrated that high frequency {100 Hz) stimulation
at an intensity that activates large afferent fibers re-
duced neuropathic pain in 8 patients. Although used
clinically for more than 30 years, the mechanisms by
which TENS produces pain relief were not known. Sev-
eral theories support the use of TENS including the gate
controi theory of pain and release of endogenous opi-
oids. This review will focus on the current and previous
literature that has begun to elucidate the basic science
mechanisms of TENS and how these mechanisms can be
applied to the clinic. We will also review the clinical lit-
erature on TENS and elucidate the problems with clinicai
research studies to date.

Clinically, TENS is applied at varying frequencies, inten-
sities, and pulse durations of stimulation. Frequency of
stimulation is broadly classified as high freguency (=50
Hz}, low frequency (<10 Hz), or burst {bursts of high
frequency stimulation applied at a much lower fre-
quency) TENS. Intensity is determined by the response of
the patient as either sensory level TENS or motor level
TENS. In addition, some clinicians use stimulation below
a sensory intensity termed microcurrent electrical stimu-
lation. To date, there are no data to support microcur-
rent electrical stimulation. With sensory level TENS the
voltage (ie, amplitude) is increased until the patient feels
a comfortable tingling (perceived with high frequency)
or tapping {perceived with low frequency) sensation
without motor contraction. This amplitude is referred to
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as low intensity. With motor level TENS the intensity is
increased to produce a motor contraction. Usually the
intensity is increased to the maximal level before becom-
ing noxious. This is referred to as high intensity TENS, In
general, high frequency TENS is applied at low intensities
and is referred to as conventional TENS. In contrast, low
frequency TENS is typically applied at high intensities so
that a motor contraction is produced. This mode of stim-
ulation is referred to as strong, low rate, or acupunciure-
like TENS. Stimulus strength duration curves for applica-
tion of TENS to the skin demonstrate that sensory level
TENS occurs with the lowest amplitude, followed by mo-
tor contraction and then noxious sensation, 39!
Numerous studies have attempted to determine the
effectiveness of TENS treatment for people with a variety
of pain conditions.*236.57:5285 awever, the clinical liter-
ature on TENS is controversial. Although the majority of
studies support the use of TENS, a number of studies
refute its effectiveness. Several factors may contribute to
this controversy. Many early studies did nat use a placebo
control but rather compared their results to patients
who did not receive any treatment. TENS itself has a
significani placebo effect. A number of studies com-
pared the effectiveness of TENS to other treatments in-
cluding modalities, exercise, and various pharmacologic
treatments. Although TENS may not be more effective
than these treaiments, it may be equally effective. Stim-
ulation parameters, ie, frequency, intensity, and pulse
duration, are commonly not specified or not kept con-
stant among patients within a given study. Placement of
electrodes varies considerably between studies such that
some studies place electrodes at the site of injury, some
within the dermatome, and others proximal o the site of
injury. Furthermore, patient popuiations vary between
studies and within studies, making it difficult to interpret
the appropriate patient population who would benefit
from TENS treatment. lLast, a variety of different out-
come measures are used to assess the effectiveness of
TENS including subjective pain rating scales, joint func-
tion, analgesic intake, primary hyperalgesia (increased
responsivenass to nociceptive stimuli at the site of inju-
ry), secondary hyperalgesia (increased responsiveness to
nociceptive stimuli outside the site of injury), and various
guestionnaire outcomes measures. It is entirely possible
that TENS is effective on some measures of pain or func-
tion and ineffective for others. To overcome many of
these shortcomings in the dinical research design, animal
models of pain have been used to assess effects of vary-
ing parameters and different outcome measures. Animal
models minimize the placebo effect, control the extent
and type of injury, and maintain application of TENS
constant between subjects. In addition, animal models of
pain allow one to assess the neurobiologic mechanisms
by which TENS produces a reduction in pain behaviors.

TENS in Animal Models

Several animal models of pain exist, are used to mea-
sure effectiveness of pharmaceutical agents, and mimic
clinical conditions."® These models can broadly be classi-
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fied as acute pain models, inflammatory pain models,
and neuropathic pain models. TENS has been used in all
of these conditions. Acute pain models have been used
for decades as screening tools to test the efficacy of phar-
macologic agents and do not produce tissue injury.? The
response 10 noxious heat, mechanical or electrical stim-
ulation is assessed in acute pain models. Models of tissue
injury were developed later to more directly measure
pain that might be similar to clinical syndromes. Hyper-
algesia, an increased response to a noxious stimulus, oc-
curs in response to tissue injury.®® Hyperalgesia can occur
at the site of injury, termed primary hyperalgesia, and is
thought to reflect changes in primary afferent fibers,
although central neuronal changes will influence pri-
mary hyperalgesia.”® Secondary hyperalgesia develops
outside the site of injury and is thought to reflect an
inerease in central neuron excitability.®® Both primary
and secondary hyperalgesia occur in response to heat
and mechanical stimuli after tissue injury2®4A36181
Carrageenan can be injected into the paw or knee joint
to produce an acute inflammatory event resulting in hy-
peralgesia.?' The carrageenan model has been well char-
acterized neurophysiologically with increased firing and
sensitivity of nociceptors, increased receptive field size of
spinal neurons, and increased firing and sensitivity of
spinal dorsal horn neurons.®® Injection of complete
Freund’s adjuvant, either systemically or into a joint, is a
model of chronic inflammation similar to rheumatoid
arthritis.’® Several models of neuropathic pain have
been developed and are used extensively. The 2 most
common models are the Bennett model induced by mak-
ing loose ligations around the sdiatic nerve® and the
Chung model induced by making tight ligations around
the spinal nerves.? Each of these neuropathic pain mod-
els produces a measurable Jong-lasting hyperalgesia and
changes in the central nervous system.

Effects of TENS were analyzed in several animal mod-
els, Early studies used acute tesis such as the tail flick
response to noxious heat and hot plate test to examine
the effects of TENS. Specifically, Wooif et a*>%7 demon-
strated that the tail fiick latency to heat increased (e,
analgesia) after treatment with electrical stimulation at
high frequencies that activate A fibers (Fig 1A). Inhibi-
tion by TENS still occurs in animals that have been spinal-
ized to remove descending inhibition.”>*7 However, the
inhibition of the tail flick reflex by high frequency TENS is
not as great in spinalized animals as compared to intact
animals, suggesting both segmental and descending in-
hibition are involved in the analgesia produced by high
frequency TENS®? (Fig 1A).

Another measure of nociceptive activity is to record
activity of ventral roots or of neurons located in the spi-
nal cord. Neurons in the spinal cord that respond to nox-
ious stimuli include (1} high threshold neurons, which
exciusively respond 1o noxious stimuli, and {2) wide dy-
namic range neurons, which respond to both innocuous
and noxious stimulation.?>A-fiber conditioning stimula-
tion (TENS) reduces (1) activation of ventral roots by C-
fiber stimulation” and (2) activity of dersal horn neu-
rons, 242> gpingthalamic tract cells transmit pain and
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Figure 1. (A} Bar graphs represent the analgesia produced by
TENS and morphine in the tail flick test for animals that are
intact and those that were spinalized. Fifty-hertz electrical stim-
ulation produced an increase in the taif flick latency simitar to
that of systemic morphine. Spinal transection reduced the
amount of inhibition by elecirical stimulation or morphine by
approximately 50%. (B) Bar graphs represent the analgesia pro-
duced by 50-Hz electrical stimulation or morphine in the tail
flick test in intact animals. Animals pretreated with para-chlo-
rophenylalanine {(PCPA) to deplete the neurotransmitter sero-
tonin (5-HT) showed a significant reduction in the amount of
analgesia produced by either electrical stimulation or mor-
phine. Control animals did not receive electrical stimulation or
morphine but were still spinalized or pretreated with PCPA,
Reprinted from Woelf CJ, Mitchelf D, Barrett GD: Antinocicep-~
tive effect of peripheral segmentatl electrical stimulation in the
rat. Pain 8:237-252, 1980 with permission of Elsevier Science
Publishers.

temperature information from the spinal cord to the
thaiamus and are both high threshold and wide dynamic
range neurons.”

The spontaneous activity and noxious input to spino-
thalamic tract cells are inhihited by low and high fre-
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Figure 2. Oscilloscope trace of action potentials from a spon-
taneously firing dorsal horn neuron that responds to noxious
stimuli. Spontaneous firing of the neuron is reduced by TENS.
increasing frequency of stimulation results in a greater inhibi-
tion of spontangous activity, The bottom figure shows the re-
sponse of a dorsal horn neuron that responds to pinch. An in-
craase in the number of action potentials occurs when a noxious
mechanical stimulus is applied to the skin {pinch, Jong bar). TENS
application to the receptive reduces the pinch response of the
neuron, Once TENS is removed, the pinch response returns. Re-
printad from Garrison DW, Foreman RD: Decreased activity of
spontaneows and noxiously evoked dorsal horn celis during
transcutaneous electrical nerve stimulation (TENS). Pain 58:309-
315, 1994 with permission of Elsevier Science Publishers.

quency TENS.24254% However, Lee et al*® demonstrated
that low frequency TENS produced a greater inhibition
than high frequency TENS. Further, intensity at 3x the
threshold to activate AR fibers was ineffective, but in-

. creasing to a strength that activated A3 nociceptors pro-

duced a greater inhibition.™ In contrast, Garrison and
Foreman® recorded from dorsal horn neurons in cats
and examined the effect of varying frequency, intensity,
and puise duration on the inhibition of dorsal horn cell
activity by TENS (Fig 2). Specifically, increasing intensity,
frequency, or pulse duration increases the amount of
inhibition of dorsal horn neurons produced by TENS. in
addition, the effects of TENS on dorsal horn cells are
short lasting, returning to normal after removal of the
TENS. Similarly, increasing intensity of stimulation to
activate Ad fibers increases the inhibition of the flex-
ion reflex with either low or high frequency stimula-
tion parameters.”®7? These data suggest that high and
low frequency TENS are effective, increasing intensity
increases inhibition, and the effects of TENS are short
lasting.
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in one study, effect of electrode placement was evalu-
ated by placing electrodes within the receptive fieid fora
spinothalamic tract neuron, outside the receptive field
of the neuron but on the same limb, and at the mirror
site.** The greatest degree of inhibition of spinothalamic
tract cell activity occurred with electrodes placed within
the receptive field for the neuron, and only minimal in-
hibition eccurred when placed on the same hind limb but
outside the receptive field.™ Behavioraily, in animals
without tissue injury, TENS applied to the knee joint has
no effect on the paw withdrawal latency.”” These data
suggest that electrode placement is important and that
the greatest effect will occur if given at the site of injury
at which one would be expected to affect the receptive
fields of sensitized neurons,

TENS, however, is not given to people without pain so
later studies began to use well-established animal mod-
els of pain to test TENS effectiveness. After injection of
carrageenan into the paw a localized acute inflamma-
tory event occurs. Respense to heat and mechanical stim-
uli on the paw at the site of the inflammation is used to
measure primary hyperalgesia. Modulation of frequency
{4 vs 100 Hz}, intensity (sensory vs motor), or pulse dura-
tion (100 vs 250 psec) demonstrated a frequency, but not
intensity or pulse duration, dependent effeci on primary
hyperalgesia to mechanical and heat stimuli in animals
with carrageenan paw inflammation.?® In this study only
animals treated with high frequency TENS at the site of
inflammation showed a reduction in primary hyperalge-
sia, and this reduction was minimat.?® in contrast, injec-
tion of kaolin and carrageenan into the knee joint is used
to measure secondary hyperalgesia on the paw. Treat-
ment of the inflamed knee joint with either high or low
frequency TENS at sensory intensity produced an equal
and dramatic reversal of heat and mechanical hyperalge-
sia.*?77 Increasing intensity did not further increase the
analgesia produced by either high or low frequency
TENS.*' Interestingly, there is a long-lasting reduction in
hyperalgesia that persists for 12 to 24 hours for both
primary and secondary hyperalgesia models with carra-
geenan inflammation. "7 The increased responsiveness
of dorsal horn neurens to innocucus and noxious me-
chanical stimulj that occurs after inflammation is equally
reduced after either high or low frequency TENS treat-
ment applied to the inflamed paw.?® This reduction in
sensitization of high threshold and wide dynamic range
dorsal horn neurons paralleis the effects of TENS on sec-
ondary hyperalgesia.®® When measuring secondary hy-
peralgesia or dorsal horn neuron activity, responses are
reduced back toward preinflammation responses by
TENS but not beyond basal responses.

With the Bennett model of neuropathic pain, Somers
and Clemente® demonstrated that high frequency, fow
{sensory) intensity TENS stimulation over the paraspinal
musculature reduced heat but not mechanical hyperal-
gesia that normally occurs in this model. This inhibition
of heat hyperaigesia only occurs if TENS was started the
first day after injury but not if started 3 days after inju-
ry.?* Following spinal nerve figation (Chung model of
neurcpathic pain), Leem et al** recorded responses of
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Figure 3. Diagram showing the gate control theory of pain as
originally described by Melzack and Wail, 1965. T cell is an as-
cending neuron that could be from the spinothalamic, spinore-
ticular, or spinomesancephalic tract, SG is a neuron in the sub-
stantia gelatinosa (laminae 11} of the spinal cord dorsal horn,
Open triangles represent excitatory synapses and closed trian-
gles represent inhibitory synapses. Large Fiber represents input
from large diameter primary afferent fibers in the peripheral
nervous system, and Small fiber represents input from small
diameter nociceptive primary afferent fibers in the peripheral
nervous system. The general concept is that small diameter fi-
bers excite cells in the spinal cord that send information to
higher centers for the perception of pain. Large diameter fiber
input reduces noxious input of nociceptors by activation of in-
hibitory neurons in the substantia gelatinosa of the spinal cord.
Reproduced from Melzack R, Wall PD: Pain mechanisms: A new
theory. Science 150:971-978, 1965 with permission of the Amer-
ican Asscciation of the Advancement of Science.

dorsal horn neurons before and after application of low
frequency, motor intensity TENS and compared these ef-
fects to those from animals without tissue injury. TENS
reduced the responsiveness to noxious mechanical stim-
ulation of dorsal horn neurans in both normal and neu-
ropathic animals. However, the responsiveness of spinal
neurons to innocuous mechanical stimulation was only
inhibited by TENS in neuropathic animals.*®

Theories of TENS

Several theories are used to support the use of TENS.
The gate control theory of pain is most commonly used
to explain the inhibition of pain by TENS (Fig 3). Accord-
ing to the gate control theory of pain, stimulation of
large diameter afferents by TENS inhibits nociceptive fi-
ber evoked responses in the dorsal horn.®' The gate con-
trol theory is thought to involve segmental inhibition by
using neurons located in the substantia gelatinosa of the
spinal cord dorsal horn. However, the original theory did
suggest that descending inhibitory pathways might exist
and that these spinal neurons are under descending in-
fluences. Specific neurctransmitters or their receptors
were not suggested at the time because we were only
beginning to understand the pharmacology of the ner-
vous system. Thus, the gate control theory can be inter-
preted broadly. There are now much more detailed data
on mechanisms of actions of TENS that include anatomic
pathways, neurotransmitters and their receptors, and
the types of neurons involved in the inhibition. Several
studies support segmentally mediated inhibition mecha-
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nisms in TENS analgesia. High frequency TENS inhibition
is partially prevented by spinalization, which removes
descending inhibitory influences.®” However, a signifi-
cant amount of inhibition remains after spinalization.
Thus, TENS appears to produce both segmental and de-
scending inhibition.

Alternatively, Campbell and Taub® suggested that high
frequency stimulation by TENS results in conduction
block or fatigue of Ad fibers. However, janko and Tron-
telj*® and Lee et al* demonstrated that afferent barrage
evoked by painful stimuli is intact during and after TENS.
Thus, even high frequency TENS stimulation was unable
to block input from the peripheral site to the central
nervous system. Further, the antihyperalgesic effects of
TENS outlast the stimulation time by 8 to 24 hours, sug-
gesting mechanisms other than blockade of input from
the periphery.

Acrole for adenosine in large fiber stimulation by vibra-
tion analgesia has been suggested by Salter and Henry.*”
Because TENS presumably activates large fibers, it fol-
lows that adenosine may play a role. In support of aden-
osing, if human subjects were given caffeine (which
blocks adencsine receptors) before TENS, the analgesia
produced by TENS was significantly reduced compared to
placebo.>®

Last, release of endogenous opioids has been used to
explain the actions of TENS, particularly low frequency
stimuiation. Recent data support this theory for low fre-
guency TENS as weil as for high frequency TENS stimula-
tion, 3779

There are 3 types of opioid receptors, i, 5 and «.**
These are located peripherally, in the spinal cord and in
areas involved in descending inhibition including the nu-
cleus raphe magnus in the rostral ventral meduila (RVM)
and the periaqueductal gray (PAG).*® The PAG sends pro-
jection to the RVM, which in turn sends projections to the
spinal dorsal horn?@ {Fig 4). Stimulation of the PAG or the
RVM produces inhibition of dorsal horn neurons includ-
ing spinothalamic tract cells.?® It is commonly accepted
that epioid mediated inhibition produces its effects
through activation of the PAG-RVM pathway.?® Further,
the RVIM pathways use serotonin as a neurotransmit-
ter.** Another common inhibitory pathway is from the
pontine noradrenergic cells groups, A6 {locus caeruleus)
and A7 (focus subcaeruleus).?® These pontine neurons
use the neurotransmitter noradrenaline and activate «-2
receptors spinally to produce inhibition of dorsal horn
heurons.*?

Concentrations of g-endorphins increase in the blood-
stream and cerebrospinal fiuid of healthy subjects after
administration of either high or low frequency TENS 368
Increased concentrations of methionine enkephalin, a 8
opioid agenist, and dynorphin A, a x opioid agonist, are
observed in the lumbar cerebrospinat fiuid after treat-
ment of patients with either low or high frequency TENS,
respectively.?® This suggests that at the spinal level there
are different opioids released with different stimulation
frequencies and thus possibly different opioid receptors
activated to produce anaigesia with high or low fre-
quency TENS. Taken together, these data indicate that
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Figure 4. Diagram representing the descending inhibitory
pathways. The PAG sends projections to the RVM, which then
sends seronergic (5-HT) projections to the spinal cord dorsal
horn, Application of opioids (¥} into the PAG, RV, or spinal
cord results in analgesia and reduces pain. DRG, dorsat root
ganglion,

several opioids and their receptors might be involved in
relief of pain by TENS.

In an animal model of knee joint inflammation, sec-
ondary hyperalgesia is reversed completely by either jow
frequency (4 Hz) or high frequency (100 Hz) TENS at sen-
sory intensities.” To test the role of opioid receptors in
the reduction of hyperalgesia produced by TENS, opioid
receptor antagonists were delivered directly to the spi-
nal cord o block p. (naloxone}, & {naltrindele), or k (nor-
BN1) opioid receptors’™ (Fig 5). Low frequency, sensory
intensity TENS antihyperalgesia was prevenied by the
blockade of i opicid receptors with naloxone, and high
frequency, sensory intensity TENS antihyperalgesia was
prevented by blockade of 6 opioid receptors with naltrin-
dole” (Fig 5). Further studies tested the role of opioid
receptors in areas of descending inhibition. Blockade of
opioid receptors in the RVM showed a similar effect as
observed by spinal blockade.® Specifically, blockade of |1
opioid receptors in the RYM prevented the antihyperal-
gesia by low frequency, sensory intensity TENS, and
biockade of & opioid receptors prevented the antihyper-
algesia produced by high frequency, sensory intensity
TENS {Fig 5). These data thus suggest that specific and
different opioid receptors are activated by different fre-
guencies of TENS such that w opieid receptors are in-
volved in the antihyperalgesia produced by high fre-
guencies and & opioid receptors are involved in the
antihyperalgesia produced by low frequency TENS,
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Figure 5. Bar graphs represent the percent inhibition of hyper-
algesia following blockade of . opioid receptors with naloxone
or b opioid receptors with nallrindole in the spinal cord (top
panel} or RVM (bottom panel}, Animals received no TENS, low
frequency TENS {low), or high frequency TENS (high) at sensory
intensities. Secondary hyperalgesia was induced by intra-articu-
lar injection of kaolin and carrageenan into the knee joint. A full
reduction in hyperalgesia is 100% inhibition, and no change in
hyperalgesia is 0% inhibition. In animals that did not receive
TENS there was no change in the degree of hyperalgesia. Low
and high frequency TENS with saline injected into either the
spinal cord or RVM resulted in approximately 100% inhibition
of hyperalgesia. Blockade of p opioid receptors with naloxone,
but not & opioid receptors with naltrindole, in either the spinal
cord or RYM prevented the antihyperalgesic effects of low fre-
quency TENS, In contrast, blockade of & opioid receptors, but
not u opioid receptors, prevented the antihyperalgesic effect of
high frequency TENS.

Early clinical and basic studies support this view. Sjol-
und and Eriksson”used naloxone systemically to block
opioid receptors in human subjects treated with either
high or low frequency TENS. Doses used were at a range
sufficient to block p. opioid receptors. Their data showed
that low frequency, but not high frequency, TENS was
biocked by naloxone. This was followed by 2 animal stud-
ies, inwhich higher doses of naloxone could be adminis-
tered to nonselectively block opioid receptors. These
studies showed that high frequency TENS was reduced
by systemic naloxone in doses sufficient to block p, 8, and
« opioid receptors.30:%7

A role for descending inhibitory pathways is further
supported by studies on serotonin, which is the neuro-
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transmitter located in the PAG-RVM pathway. Depletion
of serotonin reduces the antinociceptive effect of high
frequency stimulation in the intact but not in the spinal-
ized animal.®? Electrical stimulation induced antinoci-
ception is significantly enhanced by administration of
L-5-hydroxytryptophan, a serotonin precursor, and abol-
ished by the opiate receplor antagonist, naloxone, and
the serctonin receptor antagonist, methysergide.”?®7
Thus, TENS inhibition involves activation of descending
inhibitory pathways involving the RVM and using sero-
tonin and opioids to reduce pain and hyperalgesia.

TENS could potentially have local peripheral or auto-
nomic effects. Electrical stimulation in intensities that
could activate AS fibers modifies local blood flow and
vascular resistance.®® Transient increases in blood flow
with tow frequency, burst mode (2 Hz) TENS were ob-
served at the area of stimulation if intensity was 25%
above the motor threshold but not just below {sensory
intensity) or just above motor threshold.”*Similarly, high
frequency TENS stimulation at intensities just above or
below motor threshold did not affect local bloed flow.??
With laser Doppler imaging, increases in blood flow
were observed with either low or high frequency TENS at
an intensity that was felt but not painful (10 te 15 mA).?>*
In rats with nerve injury, low freguency, motor intensity
TENS reduced mechanical hyperalgesia and cold allo-
dynia. The effect of TENS on cold allodynia, but not me-
chanical hyperalgesia, was reduced by systemic phentol-
amine 1o block alpha-adrenergic receptors, suggesting
activation of sympathetic noradrenergic receptors may
mediate TENS effects.>* However, effects of phentol-
amine could block central receptors, and future studies
should address this issue. Substance Pin dorsal root gan-
glia neurons and spinal cord dorsal horn is reduced by
high frequency TENS in animals injected with the inflam-
matory irritant, formalin.® Thus, evidence is beginning
to emerge that some of the analgesic effects of TENS may
be mediated through actions on primary afferent fibers
and modulation of autonomic activity.

What Does This Mean in the Clinic and
Suggestions for Future Studies

Clinically, TENS will more than likely not be the only
treatment the patient is receiving. TENS is 2 complemen-
tary and adjunct treatment to control pain. Medically,
the patient will more than likely be taking prescription
medications such as nonsteroidal anti-inflammatories,
opioids {fentanyl, oxycodone hydrochloride), alpha-ad-
renergic agonists (clonidine), or muscle relaxants (cycdo-
benzaprine). The most common procedural interven-
tions in physical therapy are therapeutic exercise and
functional training.! Physical therapists who treat pain,
particularly chronic pain, use a combination of exercise
and functional training. Electrotherapeutic modalities,
or TENS, are used by physical therapists as an adjunct to
modulate and reduce pain, and use of TENS in the ab-
sence of other interventions is not considered physical
therapy.” However, in some conditions and patients,
pain limits the ability of a patient to perform an ade-
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quate exercise program. Once the pain is controlled, the
patient should be better able to perform an active exer-
cise prograrm, activities of daily living, or return to work.
Undersianding the mechanisms will better assist the cli-
nician in the appropriate choice of pain conirol treat-
ment. Parameters of stimulation can be based on the
basicknowledge, and use of a particular modality such as
electrical stimulation can be used in a more educated
manner. Specific examples will be given below to address
these issues.

Use of TENS (in combination with other therapies) wil
allow patients to increase activity level, reduce hospital
stay, and improve function. Indeed, treatment with TENS
increases joint function in  patients with arthri-
tis,*A447:48.98 1 patients with chronic low back pain, im-
provements on the physical and mental companent sum-
mary on the SF-36 quality of life survey occur with
TENS.?” Postoperative TENS treatment in patients after
thoracic surgery reduces recovery room stay and im-
proves pulmonary function as measured by postopera-
tive PO2, vital capacity, and functional residual capacity
when compared to sham contrais.®®? Thus, decreasing
pain with TENS increases function and allows the patient
to tolerate other therapies and activities, resulting in an
improved quality of life.

One should be aware of the medication a person is
taking and the effects of these medications on the ef-
fects of TENS. By understanding the mechanisms of ac-
tion of TENS, more appropriatie treatment strategies can
be tried. 1f a patient is taking opioids, currently those
available that activate p opioid receptors, high fre-
guency TENS may be more appropriate. Repeated appli-
cation of opioid produces tolerance to the opioid such
that a higher dose is necessary to produce the same ef-
fect. This is based on the fact that low freguency TENS,
but not high frequency, is ineffective if given in animals
tolerant to morphine.®® Clinically, Solomon et al®® dem-
onstrated that in patients who had taken enough opi-
oids to become tolerant to morphine, TENS was ineffec-
tive in reducing postoperative pain.  However,
parameters of stimulation were not given, and this needs
to be more fully addressed. Furthermore, it follows that
repeated treatment with the same frequency of TENS
wouid produce tolerance to its analgesic effects. iIndeed,
daily treatment with either low frequency or high fre-
guency TENS in animals with knee joint inflammation
produces tolerance 1o TENS and a cross-tolerance o spi-
nally administered p. or & opioid agonists, respectively.'?
Thus, TENS is ineffective if morphine tolerance is present
and shows opioid tolerance with repeated use.

It might be possible to enhance the effects of TENS
clinically if given in combination with certain agonists or
antagonists. High frequency TENS only partially reduces
primary hyperalgesia, and low frequency TENS is ineffec-
tive on primary hyperalgesia.”® However, either high or
low frequency TENS is more effective in reducing primary
hyperalgesia if given in combination with acute admin-
istration of morphine’ or clonidine.”® Synergism be-
tween alpha-adrenergic agonisis and opioid agenists {w
and &) has been shown in pharmacologic studies.”®?"
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Because low frequency TENS works by activation of n
opioid receptors, this enhanced antihyperalgesia is prob-
ably a result of synergistic interaction between alpha
2-adrenergic receptors and endogenous opioids. Use of
TENS in combination with morphine or clonidine shoutd
reduce the dosage of morphine or clonidine necessary to
reduce hyperalgesia and thus reduce side effects of mor-
phine and increase analgesia. In fact, clinically, intake of
opioids is reduced in patients using TENS,?7 6582839293
Further, there is a reduction in nausea, dizziness, and
pruritus associated with morphine intake.#?

Animal studies suggest that TENS would be more ef-
fective for referred pain or secondary hyperalgesia than
for primary hyperalgesia. This has yet to he determined
clinically. in ciinical studies, one should use a number of
assessments for measuring the effectiveness of TENS. It
seems clear that there are a variety of measurements
that could be assessed in the pain patient and that TENS
may not work equally well on all of these measures.

Therefore, understanding the neurctransmitters and
pathways involved in TENS antihyperalgesia could help
explain conflicting data with respect to the patient pop-
ulation studies and TENS. L will further assist the clinician
in the treatment choice for a particular patient. The dlin-
ical use of TENS and further clinical outcome studies
should be carefully evaluated with respect to the current
medication of the patient.

Thus, future clinicai studies need to be performed to
confirm these animal data to provide a solid evidence
base for the use of TENS. Clearly all patients might not
respond to TENS treatment. Some considerations to take
into account would be which frequency of TENS to use.
Combinations of commonly administered pharmaceuti-
cal agents and TENS should be addressed in a clinical
population.

The Clinical Efficacy of TENS

Many of the early publications on TENS were either
anecdotal or case reports and did not involve random-
ized controlled trials (RCTs). An RCT is a trial in which
patients are randomly allocated to different treatment
regimens, eg, active treatment, placebo, or control.”
Blinding is a very important factor in the design of an
RCT. This refers to whether the participants, those ad-
ministering the interventions, and those assessing the
outcomes are blinded to group assignment.*® A single
blind trial is one in which 1 group of individuals involved
in the trial do not know the identity of the intervention
that is given to the participant; this is usually the partic-
ipants or the investigators assessing the outcomes. A
double blind trial is one in which 2 groups of individuals
involved in the trial do not know the intervention given
to each participant; usually these 2 groups are the par-
ticipants and the investigators who are assessing the out-
comes.** Although the number of clinical trials on TENS
has increased considerably during the past several years,
there is still a need for rigorously conducted RCTs to
determine its efficacy for acute and chronic pain condi-
tions and, indeed, its nonanalgesic effects, The RCT is
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TENS review

TABLE 1. Summary of Outcomes of TENS Systematic Reviews

Numaer oF Stubies

Conpition AUTHORS INCLUDED Ourcome
Chronic pain Carroll et al, 2001 (K] Inconclusive
Chronic low back pain Milne et al, 2002 5 No evidence fo support TENS
Primary dysmeniotrhea Proctor et al, 2001 9 High frequency TENS more effective than placebo; low frequency
TENS no more effective than placebo
Labor pain Carrcll &t al, 1997 10 TENS has no significant effect
Post operative pain Carroll et &, 1996 17 In 15 of 17 RCTs, TENS had no henelit over placebo
Knee osteoaitivitis Osiri e al, 2001 7 Conventional TENS and acupuncture-like TENS effective over

Fost-stroke shoulder pain - Price and Pandyan, 2000 4

placebe
Inconclusive

TENS, transcutaneous electrical nerve stimulation; RCTs, randomized contralled trials,

regarded as the gold standard in clinical trials of effica-
¢y’ and should therefore be viewed as the method of
choice for evaluating a modality such as TENS.

One of the quickest methods of reviewing the clinical
research on TENS is to read a recent systematic review.
Systematic reviews should ideally provide an objective
summary of the current literature on the chosen topic:
However, some concerns have been raised about the
methods involved in determining their outcome; there-
fore, perhaps the best way to regard these reviews is that
“they may not be correct all of the time but they give a
good guide most of the time."'® Systematic reviews in-
volve the retrieval of relevant studies that have been
selected according to certain inclusion criteria and using
predefined criteria lists such as the Jadad, Delphi, or
Maastricht to score the quality of the study.'7-338¢ The
following ftems are used to rate the study's method-
ologic guality: randomization, blinding, withdrawals,
analysis and bias. However, the reader should be aware
that different criteria lists do not always provide similar
results when applied to the same trials. Verhagen et al®
compared the cutcome of 3 criteria lists on a data set of
21 studies and highlighted several differences hetween
them that affected their respective ranking of the stud-
ies, With this warning in mind, Table 1 provides a sum-
mary of the key systematic reviews on the effectiveness
of TENS published during the past several years, each of
which will be discussed in more detail below,

Chronic Pain

Berman and Bausell® conducted a survey on the use of
nonpharmacologic therapies by pain specialists in 2000;
they surveyed a sample of members of the International
Association for the Study of Pain and reported that 77%
of respondents indicated that they used TENS/other elec-
troimagnetic applications. The cost-effectiveness of TENS
as a pain management technigque has been highlighted
by Chabal et al,"® who interviewed a sample of 376 pa-
tients with chronic pain who were long-term users of
TENS. After applying a cost simulation model to their
data, they concluded that costs could be reduced up to
55% for pain medication and up to 69% for physical
therapy/occupational therapy treatments.

TENS is viewed by many clinicians as primarily a modal-

ity for chronic pain conditions, and a wide range of sur-
veys provide evidence to support this belief."®?%%7 The
systematic review by Carroll et al® incduded 18 RCTs on
TENS and chronic pain that covered a broad range of
conditions induding rheumatoid arthritis, myofascial
pain, diabetic neuropathy, and low back pain. Chronic
pain was defined as pain of at least 3 months’ duration.
The most common ouicome measure used in these stud-
ies was the 10-cm visual anajiogue scale (VAS), The au-
thors thought that the methodologic quality of the stud-
ies was generaily poor and reperted that the results of
their review were inconclusive, Several problems were
highlighted such as inadequate reporting of the results
and indeed the TENS treatments; the latter makes any
future replication very difficult. Carroli et al suggested
that we need large, randomized, multicenter, controlled
trials in chronic pain.

Chronic Low Back Pain

Only five RCTs were eligible for inclusion in the system-
atic review published by Milne et al®® on TENS and
chronic Jow back pain. Chronic low back pain was de-
fined as low back pain over 3 months’ duration. interest-
ingly, the application of TENS in the studies varied
greatly, ranging from 1 treatment per day for 2 consec-
utive days to 3 treatments per day for 4 weeks. This vari-
ation in the actual method of applying TENS is a very
good example of the lack of standardization generally
observed across the RCTs published on TENS. Outcome
measures included assessment of pain, function, well-
being, disability, and satisfaction of care. The reviewers
concluded that there was no evidence to support the use
of TENS for the management of chronic low back pain
but that there was a lack of data on type of application,
treatment duration, and optimal frequencies and inten-
sities. One study included in the review determined the
best electrode placement site for each individual patient
before the trial commenced.? This is a technique that is
used in clinical practice and should also be used more
frequently in clinical trials rather than selecting fixed
points for all patients. Although this study did not score
well overall in terms of the Jadad criteria list used, the
TENS application technigue was commendable. Similar
findings were shown in a meta-analysis by Brosseau et
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al.” With the same 5 RCTs as Milne et al®2 they found no
difference between active TENS and sham TENS. They
concluded that there was no evidence to support the use
or nonuse of TENS for the treatment of chronic low back
pain and future studies should include standardized out-
come measures.

Post-Stroke Shoulder Pain

Price and Pandyan®® published a systematic review on
the effect of electrical stimulation for post-stroke shoul-
der pain. They included various types of surface electrical
stimulation including functional electrical stimulation
and TENS; the stimulation parameters were different;
therefore they were not comparing “like with like.”
Measurements of pain, range of passive humeral lateral
rotation, motor score, and spasticity score were the oui-
come measures used in the 4 inciuded studies. The au-
thors expressed disappointment that so many of the
published studies were case reports or else they used
nonstandard outcome measures. They concluded that
they were unable to make any definite conclusion about
the 4 studies inciuded in this review and emphasized the
need for adeguately powered RCTs to examine the role
of electrical stimulation for this application.

Primary Dysmenorrhea :
Primary dysmenorrhea is the occurrence of painful
menstrual cramps that are associated with ischemia of
the uterus. The ischemia is believed to be linked to the
presence of prostaglandins in the menstrual fluid that in
turn cause hypercontractility of the myometrium. In the
treatment of this condition, the TENS elecirodes are typ-
ically placed over the abdomen or thoracic spine in areas
related to the spinal nerve roots that receive nociceptive
information from the uterus, In some cases, acupunciure
points have been used, eg, B21, B29, 5T36, and 5P6.5°
Nine RCTs were selected for the systematic review carried
out by Proctor 2t al,"® which examined the effect of TENS
and acupuncture on primary dysmenorrhea. Four of the
studies used a crossaver design that involved the subjects
receiving all of the {reatments during different men-
strual cycles. The outcome measures typically included
pain measurement and a record of menstrual symptoms.
The findings of this review were that high frequency
TENS was more effective than placebo and low fre-
guency TENS was no more effective than placebo. In ad-
dition, there was insufficient evidence to compare high
frequency with low frequency TENS. The reviewers que-
ried whether the different approach to electrode place-
ment in the studies contributed to treatment cutcome,
ie, the use of specific acupuncture points versus placing
the electrodes over the site of pain. They also raised an-
other interesting point with regard to the physiologic
effects of TENS. Low freguency TENS typically produces
muscle contractions, which may make it difficult for the
user to wear TENS as a portable unit and to carry out
daily activities, an issue that is not associated with high
frequency TENS, which produces a comfortable pares-
thesia. Most of the studies involved applying TENS for a
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short time period {eg, 30 minutes), but a few used much
longer periods (& hours}). This factor may therefore affect
subsequent evaluation of the treatment.

Knee Osteoarthritis

Seven RCTs were eligible for inclusion in the systematic
review by Osiri et al”’ on osteoarthritis and TENS. Both
conventional and acupuncture-like modes of TENS were
used in these studies. The length of treatment varied
from one single 30-minute application to several appli-
cations daily for up to 6 weeks. Assessments of pain,
stiffness, joint circumference, and muscle strength were
used as outceme measures. The authors concluded that
both conventional and acupuncture-like TENS were
more effective than placebe for relief of pain but that
the studies were heterogenous with different study de-
signs and outcomes used. The reviewers called for stan-
dardized treatment protocols to be adopted for further
TENS studies that would include electrode placement,
treatment time, and parameters. However, the point
raised with the low back pain studies applies to this con-
dition also, fe, electrode placement should ideally be de-
termined for each individual placement as performed in
dinical practice. A recent article by Cheing et al,'® which
was not included in the systematic review by Osiri et al,
has investigated the effect of TENS or isometric exercise
on ostecarthritic knee pain. TENS was applied for 60 min-
utes 5 days per week for 4 weeks, The results showed a
significant cumulative reduction in VAS in the TENS
group and placebo group. The authors also reported
that the decrease in pain was maintained at the 4-week
follow-up only in the TENS and TENS plus exercise
groups. Previous work by this research group has also
reported a cumulative beneficial effect of daily applica-
tion of TENS for both experimental pain and chronic low
back pain. 48

Acute Postoperative Pain

Postoperative pain is an example of an acute pain con-
dition in which TENS has been used with some success. In
the postoperative situation, TENS is typically used as an
adjunct to routine medication rather than as an isolated
treatment. Appiication involves positioning sterile elec-
trades paralle| to the incision with additional electrodes
sometimes placed over the corresponding theoracic spinal
nerves. The obvicus advantages of controlling pain post-
operatively include earlier mobilization, more effective
deep breathing/coughing, which will lead to earlier dis-
charge. Seventeen studies were included in the system-
atic review by Carroll et al."" Analgesic consumption and
VAS were the 2 most common methods used to evaluate
the treatments. This review is an important one because
it clearly highlights the effect of lack of randomization in
clinical trials. Of the 17 randomized studies that were
included, 15 reported no beneficial effect of TENS,
whereas 17 of the 19 nonrandomized trials that were
excluded from the review showed positive effects for
TENS. Schuilz et al”® have indicated that inapprogpriate
blinding and lack of randomization can overestimate
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treatment effects by 17% and 40%, respectively. This
crucial finding should be borne in mind during the inter-
pretation of published trials on TENS. Carroll et al re-
ported that only 2 of the studies gave details of the ran-
domization method, and the methods described were
inadeguate in both. They concduded that TENS was not
effective for postoperative pain based on the 17 studies
that they reviewed.

Labor Pain

The application of TENS for labor pain invelves posi-
tioning 2 pairs of electrodes over the spinal nerve roots
of T10-L1 and $2-54. The nociceptive information from
the uterus, perineal structures, and cervix enters the spi-
nal cord at these levels. Both continuous and burst TENS
are used; continuous high frequency pulses are delivered
during contractions and low frequency bursts are used
between contractions. A “boost” control is used to
switch belween continuous and burst outputs, Carroll et
al"® included 10 RCTs in their systematic review. There
was no consistency in the pain cutcome measures used,
which varied from a VAS, 3 or 4 point pain scale, and
requirement for other analgesic interventions. Among
the methodologic problems highlighted by the review-
ers was the fact that 4 of the studies included in the
review did not use any form of blinding. In addition, of
the 7 studies that used placebo TENS, only 1 described
the blinding procedure in sufficient detail to indicate
that it may have been adequate. None of the 10 studies
reported any significant differences between the con-
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