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Abstract 

 

Quell is a novel transcutaneous electrical nerve stimulator for the treatment of chronic pain.  It 

uses wearable intensive nerve stimulation to provide pain relief.  The device is placed on the 

upper calf and includes sophisticated electrical stimulation technology, automation algorithms 

and electrode arrays.  It may be used with an optional mobile app.  This monograph covers 

scientific and technical principles of non-invasive nerve stimulation for chronic pain relief, Quell 

technology and supporting clinical data. 

 

Background 

 

Transcutaneous electrical nerve stimulation 

(TENS) is the delivery of electricity across 

the intact surface of the skin to activate 

underlying nerves; generally with the 

objective of pain relief.  The technology was 

originally developed in the early 1970s as a 

screening technique for predicting which 

chronic pain patients would respond to 

implantable stimulators.1  However, it 

became apparent that a significant 

percentage attained pain relief from TENS 

alone, thereby obviating the need for 

implantable stimulators.  Since that time, the 

efficacy of TENS for the treatment of 

chronic pain has been extensively studied.2,3 

This scientific literature suggests TENS can 

be effective2,4-6 with minor skin irritation as 

the only side effect.7 

 

Wearable Intensive Nerve Stimulation 

(WINS) is an emerging form of TENS in 

which the device is wearable, automated, 

and designed for intensive use.  This enables 

regular use throughout the day and night, 

whenever the patient experiences pain, 

which is essential for the management of 

chronic pain.8  Quell is a commercial WINS 

device that is available without a 

prescription.  It is a Class II medical device 

that is FDA cleared for symptomatic relief 

and management of chronic pain, including 

during sleep. 

 

Pain Gate Theory 

 

A conceptual model for how peripheral 

nerve stimulation leads to pain relief was 

proposed by Melzack and Wall in 1965.9  

Their theory stipulates that activation of 

sensory nerves (A fibers) closes a “pain 

gate” in the spinal cord that inhibits the 

transmission of pain signals carried by 

nociceptive afferents (C and Aδ fibers) to 

the brain.  In the past 20 years, the anatomic 

pathways and molecular mechanisms that 

may underlie the pain gate have been 

elucidated.  Sensory nerve stimulation 

activates the descending pain inhibition 

system, primarily the periaqueductal gray 

(PAG) and rostroventral medial medulla 

(RVM) located in the midbrain and medulla 

sections of the brainstem respectively.10 The 

PAG has neural projections to the RVM, 

which in turn has diffuse bilateral 

projections into the spinal cord dorsal 

horn.11-13 Peripheral nerve stimulation 

activates the PAG which triggers the RVM 

to broadly inhibit pain signal transmission in 

the spinal cord dorsal horn.10  Although it is 

activated by localized peripheral nerve 

stimulation, the descending pain inhibition 

system has analgesic effects that may extend 

beyond the stimulation site to provide broad 

pain relief.14-18  

 

Various neurotransmitters are involved in 

mediating descending pain inhibition 
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including GABA and serotonin.10,19  

However, the most important are the 

endogenous opioids.10,20 Elevated levels of 

these natural pain modulating chemicals can 

be measured in the cerebrospinal fluid (CSF) 

in response to high frequency peripheral 

nerve stimulation.21,22  A statistically 

significant increase in CSF opioid 

concentration can be measured after 20-45 

minutes of stimulation and remains elevated 

for 60 minutes.21  Continuing stimulation 

beyond 60 minutes decreases opioid levels 

back to baseline.21  This data provides a 

biological basis for the clinical observation 

that analgesia requires at least 30 minutes of 

stimulation.8,16 The time course data also 

supports 60-minute therapy duration because 

longer stimulation is ineffective in 

maintaining elevated opioid levels. 

 

The role of endogenous opioids in 

descending pain inhibition has important 

clinical implications.  High frequency nerve 

stimulation, such as with a WINS device, 

induces an elevation in enkephalins that act 

through the δ-opioid receptor.20,23 

Prescription opioids (e.g., hydrocodone, 

meperidine, oxycodone) act through a 

different receptor, the μ-opioid receptor.  

Both receptors are involved in descending 

pain inhibition, including in the dorsal horn 

of the spinal cord where they act to inhibit 

pain signal transmission.10,20  Individuals 

who are taking prescription opioids or have 

developed tolerance to such medications 

remain responsive to high frequency 

induced analgesia because it acts through the 

δ rather than μ opioid receptor.24  Another 

implication of the role of opioids is that 

neuropathic pain appears to be a low 

endogenous opioid state.22  Therefore the 

efficacy of high frequency nerve stimulation 

in reducing neuropathic pain2,7,25 may be 

related to a normalization of opioid levels.22 

 

Technology 

 

Technical Specifications 

 

TENS is characterized by a number of 

electrical parameters including the 

stimulation pulse shape, amplitude, duration, 

pattern, and frequency.26  Although all the 

parameters can be adjusted in an attempt to 

achieve maximal analgesia, only pulse 

intensity2,27-29 has a clear influence.  

Intensity is defined as the effective strength 

of the stimulation pulse and is determined 

by its shape, amplitude and duration.  A 

symmetrical bi-phasic pulse shape 

maximizes intensity.30-32 Increasing pulse 

amplitude and duration increases the 

intensity although the relative effectiveness 

of the stimulation decreases with longer 

duration due to the strength-duration 

curve.33  Stimulation at an intensity below 

the level of sensory perception does not 

provide pain relief, and the degree of 

analgesia is correlated to the stimulation 

intensity.34  Scientific studies and clinical 

experience suggest that therapeutically 

effective stimulation occurs at an intensity 

that feels “strong but comfortable” to the 

patient.8  Electrical stimulation has a narrow 

dynamic range35 so determining this 

intensity level may be challenging.  One that 

is slightly too low may be ineffective and 

one that is slightly too high may be 

uncomfortable.  Both low (<10 Hz) and high 

(>50 Hz) stimulation frequency can be 

effective in providing analgesia.36  The two 

frequency modes operate through distinct 

molecular mechanisms10 with important 

clinical implications as noted above. 

 

Limitations of Conventional TENS Devices 

 

There are many commercially available 

TENS devices with various characteristics 

and features.26  These devices are not ideal 

for managing chronic pain.37,38  The reasons 

include that they are not wearable, have 

limited technical specifications, present 

awkward electrode and user interfaces, and 

lack sophisticated automation.26  In a large 

CDC sponsored population-based survey of 

chronic pain, 70% reported constant pain or 

at least daily pain.39  Moreover, 50-70% of 

people with chronic pain report difficulty 

sleeping.40,41 Devices that cannot be worn 

while the patient is active or overnight 

therefore have limited utility and may even 
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be counterproductive because they constrain 

the patient. 

 

There is a high concordance between 

chronic pain and poor health39 and chronic 

diseases such as diabetes.42  As a result, 

many people with chronic pain have 

abnormal physiology such as elevated skin 

electrical resistance43 and peripheral nerve 

degeneration.44  Furthermore, many of these 

individuals are overweight,39 which may 

increase the distance from the stimulation 

electrodes to nerve. To overcome these 

pathophysiological factors, effective pain 

relief may require higher electrical power 

than most conventional devices, particularly 

those sold over-the-counter, can provide.  

Another issue is that most people with 

chronic pain have complicated treatment 

programs involving medications and other 

devices. It is difficult for these individuals to 

adopt pain relief technology that requires 

additional training and expertise.  In fact, 

there is some evidence that a barrier to 

effective use of TENS is the amount of 

effort needed to regularly apply the available 

devices.37,45 

Quell Wearable Pain Relief Technology 

 

Quell is a wearable, automated electrical 

nerve stimulator designed for people with 

chronic pain, that includes advanced 

technology to provide convenience while 

optimizing pain relief.  It consists of four 

components as shown in Figure 1: a therapy 

pod (A), an electrode array (B), a band (C), 

and a mobile app (not shown). The therapy 

pod, which contains the electronics, is 

placed in the band and then an electrode 

array is attached by snapping it to the 

therapy pod.   The electrode array consists 

of 4 hydrogel pads that provide a large (60 

cm2) interface between the stimulator and 

the patient’s sensory nerves.  Large 

electrodes are more electrically efficient and 

comfortable then smaller electrodes, 

particularly when placed on areas with 

thicker fat layers and deeper nerves, such as 

the legs.46,47  The hydrogel is robust, 

typically lasting 2 weeks or 100 hours of 

use, and is formulated to reduce skin 

irritation.  The band is placed on the upper 

calf (Figure 1D) where therapy is initiated 

by pressing the button.  The reason for 
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placement on the upper calf is that this area 

has a high density of cutaneous sensory 

innervation that enables robust stimulation 

of A fibers.  When placed on the upper 

calf, the electrode array is circumferential 

and will stimulate sensory dermatomes S2-

L4 providing a broad neural input to trigger 

analgesia through the descending pain 

inhibition system.  The upper calf is also 

discrete and accessible.  As discussed above, 

the mechanism of action generates 

widespread analgesia and therefore the 

upper calf location should not limit pain 

relief to the ipsilateral lower leg.  

 

The therapy pod utilizes a precise high 

power electrical stimulator to activate 

peripheral sensory nerves and trigger 

analgesia based on the biological 

mechanisms described above. High power is 

essential in many patients, particularly those 

that are obese, have pathologically dry skin 

such as due to diabetes, or have sensory 

neuropathies.  Inadequate power leads to 

under stimulation and treatment failures due 

to under dosing.  The output power of a 

nerve stimulator is defined as the output 

voltage times the output current.  Whereas 

some over-the-counter TENS devices may 

have reasonable output voltage or current, 

none match the Quell specifications of 

simultaneously high maximum output 

voltage (100 volts) and maximum output 

current (100 milliamps).  This output power 

is at least 2-5 times greater than other 

commercial devices.  The therapy pod is 

powered by a Lithium-Ion battery that 

provides 30-40 hours of therapy (4-7 days of 

typical use) if fully charged.  The battery 

can be recharged in 2-3 hours by plugging 

the device into an AC adapter.   

 

Despite the high output power, the 

stimulation waveform is precisely 

controlled.  Quell stimulates with a current-

regulated pulse which provides stable nerve 

stimulation despite changes in the skin-

electrode interface.30 The pulse waveform is 

biphasic and symmetrical which is 

recommended for maximum stimulation 

efficiency30-32 and to lessen skin irritation.48  

It is also important for establishing uniform 

stimulation across the entire electrode array.  

The device alternates the polarity of the 

leading phase with every pulse which 

eliminates residual iontophoretic effects to 

further minimize skin issues. The 

stimulation pattern is a randomly varying 

high frequency between 60 and 100 Hz, 

which may reduce the tendency to develop 

analgesic tolerance as compared to regular 

patterns.49,50 

 

Quell continuously optimizes pain relief by 

automatically regulating stimulation 

intensity.  Currently published evidence 

suggests that stimulation intensity directly 

influences the degree of analgesia.2,27-29  A  

recent placebo controlled study 

demonstrated a dose response relationship 

between intensity and analgesia.34  

Stimulation below the level of sensory 

perception does not produced analgesia, and 

the degree of analgesia is correlated to the 

stimulation intensity.34  These and other 

studies suggest that stimulation should be 

delivered at a “strong but comfortable” 

level.8 It has also been shown that increasing 

simulation intensity during treatment 

increases analgesia, most likely because the 

stronger stimuli overcome nerve 

desensitization and activate deep tissue 

sensory afferents.51   
 

For the reasons noted above, Quell includes 

a patented calibration procedure that 

determines the optimal therapeutic 

stimulation intensity for each patient.  This 

is accomplished by an algorithm that 

automatically determines an intensity within 

the recommended therapeutic range.8  Once 

calibrated, all subsequent therapy is 

automatically delivered at the required 

intensity.  The patient has the option of 

manually adjusting intensity at any time and 

the device incorporates these changes in 

subsequent therapy sessions. Quell 

automatically compensates for nerve 

desensitization by adaptively increasing the 

intensity over the course of the one hour 

therapy session. The device enables long-

term unattended therapy, such as overnight, 
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by automatically restarting hour-long 

therapy sessions every other hour as long as 

the device remains on the leg. The one-hour 

therapy session exceeds the minimum 

recommended time of 30 minutes8 but is 

shorter than the period of time during which 

the biological response appears to fade.21  

The device monitors the amount of time it is 

on the same region of skin and alerts the 

patient to ventilate the area to reduce the risk 

of irritation. Finally, Quell has embedded 

intelligence to determine if the patient is 

sleeping and automatically reduces the 

intensity to provide overnight pain relief 

without disturbing sleep. 

 

Mobile App 

 

Quell may be used with an optional mobile 

app to which it communicates via 

Bluetooth® Smart.  The primary objective of 

the app is to enhance device usability and 

physiological efficacy. This is accomplished 

by providing the user with a dashboard and 

trending data on usage and sleep.  The 

dashboard helps the patient achieve their 

daily therapy utilization and sleep goals.  It 

includes the elapsed time in the current 

therapy session, time to the next scheduled 

therapy session, battery power information, 

and the most recent therapy and sleep 

metrics. The trending data provides a look 

back at therapy utilization and sleep quality 

over progressively longer time periods from 

1 day to 1 month.  This information helps 

the patient achieve their long-term therapy 

goals and assess the impact of therapy on 

their sleep.  By keeping the patient informed 

on their progress, the mobile app attempts to 

positively re-enforce the patient’s use of the 

device.  Recent research shows that patients 

with a high expectation of success are more 

likely to continue using TENS.25   

 

Regulatory 

 

Quell is a class II medical device with FDA 

510(k) clearance for the symptomatic relief 

and management of chronic intractable pain, 

without a prescription.  Quell has unique 

regulatory labeling for use during sleep.  All 

other transcutaneous electrical nerve 

stimulators (prescription or over-the-

counter) carry a warning against use during 

sleep because of the risk of injury due to 

unattended electrode dislodgement from the 

skin.  Quell has technology to detect 

electrode peeling and consequently it is 

specifically approved for use during sleep.  

Per FDA regulations on TENS devices, 

Quell is contraindicated in patients who 

have a cardiac pacemaker, implanted 

defibrillator, or other implanted electronic 

device. 

 

Clinical Data 

 

SENSUS Data 

 

Quell is related to the SENSUS® Pain 

Management System, a prescription WINS 

device, which has been available for several 

years and prescribed to thousands of patients 

for chronic pain.  Quell and SENSUS have 

identical technical specifications, use the 

same electrode array, and are both used to 

treat chronic pain.  The two devices differ in 

the therapy pod form factor and the band 

materials.  Furthermore, only Quell includes 

Bluetooth® Smart and mobile device 

integration.  In light of the comparability of 

the two devices, the two years of clinical 

experience with SENSUS are relevant to 

Quell.  Since January 2013, over 7000 

SENSUS devices have been prescribed by 

hundreds of physicians in the US for 

treatment of chronic pain.  There have been 

an estimated 2.5 million hours of pain 

therapy with SENSUS.  The most common 

clinical indication has been lower extremity 

neuropathic pain, usually painful diabetic 

neuropathy. 

 

Based on an analysis of prescription data, 

over 50% of SENSUS devices are used for 

6-months or longer indicating long term pain 

relief benefits. Continued use of a pain 

therapy can be regarded as an index of a 

patient’s assessment of the efficacy of the 

treatment versus its inconvenience and side 

effects.  As such, it is an outcome measure 

that is patient based and clinically 
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significant.52  The over 50% long-term 

continued use of SENSUS compares 

favorably with similar patient satisfaction 

outcomes for pain medications such as 

pregabalin.53 

 

Published Studies of High Frequency 

Intensive TENS 

 

Quell has Food and Drug Administration 

(FDA) clearance for the treatment of chronic 

pain, including during sleep.  The FDA 

cleared labeling is “… the symptomatic  

relief and management of chronic intractable 

pain.”  This regulatory labeling was 

obtained based on the agency’s review of 

the safety and clinical efficacy of the high 

frequency intensive nerve stimulation 

methods used by Quell.  Summaries of key 

clinical studies supporting these methods are 

provided below. 

 

Buchmuller et al. Value of TENS for relief 

of chronic low back pain with or without 

radicular pain. Eur J Pain. 2012. 

 

Buchmuller and colleagues conducted a 

prospective, randomized, sham-controlled, 

multi-center study of the efficacy of TENS 

in patients with chronic low back pain 

(LBP).7  A total of 236 adults with chronic 

LBP were enrolled.  The majority of 

subjects (58.9%) were suffering from LBP 

associated with radicular pain and most 

subjects (88.0%) were taking at least one 

type of analgesic medication.  Subjects were 

randomized to mixed frequency nerve 

stimulation (80 Hz with interspersed low 

frequency stimulation) at a strong but 

comfortable intensity or sham (no 

stimulation).  Subjects self-administrated the 

therapy at home (active or sham) for four 1-

h treatment sessions per day over 3 months.   

The primary outcome measure was 

improvement in functional status as assessed 

by the Roland–Morris Disability 

Questionnaire.  This outcome did not differ, 

at a statistically significant level, between 

the active and sham groups when all 

subjects were considered.  However, in a 

subgroup analysis, a strong trend in favor of 

the active device was observed in those 

subjects with radicular or neuropathic pain.  

A significant improvement in pain, as 

assessed by the visual analogue scale 

(VAS), was observed in subjects treated 

with the active device.  25% of subjects on 

active therapy had at least a 50% 

improvement in lumbar pain versus 6.7% of 

those on sham therapy.  33.8% of subjects 

on active therapy had at least a 50% 

improvement in radicular pain versus 15% 

of those on sham therapy.   

 

Clinical Relevance: Intensive (4 hours every 

day) high frequency TENS decreases pain 

associated with chronic low back pain, 

particularly those with radicular pain.  In 

these subjects, one-third experienced greater 

than 50% improvement in pain.   

 

Szopinski et al. The effectiveness of 

analgesic electrotherapy in the control of 

pain associated with diabetic neuropathy. 

Southern African Journal of Anaesthesia & 

Analgesia. 2002. 

 

Szopinski and colleagues conducted a 

prospective, randomized, sham-controlled 

study of the efficacy of TENS in 100 

subjects with painful diabetic neuropathy.54  

The treatment group consisted of 80 subjects 

allocated to active therapy and the control 

group contained 20 subjects who received 

sham therapy. Subjects in the treatment 

group self administered a device at home 

that provided high frequency nerve 

stimulation at a strong but comfortable 

intensity for 20 to 40 minutes 2 to 3 times 

each day for 1 to 6 months. Control patients 

wore the same device but it provided no 

electrical output. Pain was assessed on a 

visual analog scale ranging from 0% for no 

pain to 100% for maximum imaginable pain. 

In the treatment group the mean level of 

pain decreased from 75% down to 22%. The 

control group had no significant decrease in 

pain. At the time of enrollment in the study, 

all subjects reported analgesic use with 38% 

reporting extensive use. At the conclusion of 

the study no subjects in the treatment group 

reported extensive analgesic use. There was 
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no change in the use of analgesic therapy in 

the control group. Subjects in the treatment 

group reported improvement in walking 

which was not seen in the control group. 

 

Clinical Relevance: Intensive high 

frequency nerve stimulation (1-2 hours 

every day) decreases pain, analgesic use, 

and walking difficulty due to painful 

diabetic neuropathy. 

 

Kilinc et al. Effects of transcutaneous 

electrical nerve stimulation in patients with 

peripheral and central neuropathic pain. J 

Rehabil Med. 2014. 

 

Kilinc and colleagues conducted a 

prospective open-label study of the efficacy 

of TENS in subjects with peripheral or 

central neuropathic pain.55  A total of 40 

subjects were enrolled, 20 with peripheral 

neuropathic pain (e.g., entrapment 

neuropathy, peripheral neuropathy, and 

radiculopathy) and 20 with central 

neuropathic pain (e.g., cerebrovascular 

accident, multiple sclerosis, and spinal cord 

injury).  High frequency nerve stimulation at 

a strong but comfortable intensity was 

administrated in a hospital clinic for 30 

minutes a day (5 days a week) for 4 weeks. 

The mean pain intensity as assessed by the 

Brief Pain Inventory – Short Form (BPI-SF) 

decreased by 38% in the peripheral 

neuropathic pain group and by 15% in the 

central neuropathic pain group.  Most BPI-

SF pain interference domains, including 

sleep, mood and activity levels, were 

significantly improved in both groups. 

 

Clinical Relevance: High frequency TENS 

is effective at reducing pain and pain 

interference in subjects with neuropathic 

pain.  This benefit appears to be greatest in 

those with neuropathic pain of peripheral 

origin. 

 

Moharic et al. Transcutaneous electrical 

nerve stimulation, pregabalin, and their 

combination in patients with painful diabetic 

neuropathy: effects on pain and quality of 

life. Zdrav Vestin. 2009. 

Moharic and colleagues conducted a 

prospective, randomized, comparative, 

single site study of the efficacy of TENS, 

pregablin, or both in 65 subjects with painful 

diabetic neuropathy.56 High frequency 

TENS at a strong but comfortable intensity 

was self-administered at home for 3 

consecutive hours daily for three weeks.  

Statistically significant pain reduction was 

seen in all 3 treatment groups with the 

decrease in pain intensity in the nerve 

stimulation group comparable to that seen in 

the pregabalin group. Subjects treated with 

nerve stimulation only were also evaluated 

for temperature thresholds, cold and heat 

pain thresholds, vibration perception 

thresholds and touch perception thresholds. 

No changes were found in any of these 

thresholds consistent with a central 

mechanism of action.57 

 

Clinical Relevance: Intensive (3 hours every 

day) high frequency TENS reduces pain 

caused by PDN comparably to pregablin. 

 

Carbonario et al. Effectiveness of high-

frequency transcutaneous electrical nerve 

stimulation at tender points as adjuvant 

therapy for patients with fibromyalgia. Eur J 

Phys Rehabil Med. 2013. 

 

Carbonario and colleagues conducted a 

prospective, controlled study of the efficacy 

of transcutaneous electrical nerve 

stimulation in fibromyalgia.58  A total of 28 

female subjects were enrolled and allocated 

to an 8-week program of exercise and nerve 

stimulation or just nerve stimulation.  

Subjects in the nerve stimulation group 

received high frequency stimulation at a 

strong but comfortable intensity for 30 

minutes twice a week during the same clinic 

session as their exercise program.  Pain was 

assessed at baseline and at the end of the 

study by a 10 cm visual analog scale.  Pain 

intensity improved by 22.9 cm in the nerve 

stimulation and exercise group and 0.73.7 

in the exercise only group, which was a 

statistically significant difference.  Subjects 

in the nerve stimulation and exercise group 

had clinically relevant improvement in work 
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performance, fatigue, stiffness, anxiety and 

depression. Those in the exercise group only 

had clinical improvement in morning 

tiredness and depression.   

 

Clinical Relevance: Infrequent (twice per 

week) high frequency nerve stimulation may 

improve symptoms and overall function in 

subjects with fibromyalgia. It is possible that 

these results were due to a short-term 

reduction in pain that enabled more 

aggressive exercise in the nerve stimulation 

group. Daily nerve stimulation for several 

hours may have had a great clinical benefit. 

 

QUANTIFY Registry 

 

The gold standard for obtaining clinical data 

on the efficacy of a medical intervention is a 

blinded randomized clinical trial (RCT).  

However these studies provide data on a 

very limited subset of subjects.  Although 

the results may be conclusive in 

demonstrating that the intervention has a 

biological effect distinct from placebo, the 

generalizability of the data is severely 

limited by the sample size and the narrow 

characteristics of the subject pool.59  

Moreover, blinded studies of physical 

interventions such as TENS are difficult 

because it is challenging to blind subjects to 

the sensation of stimulation. 

 

A post-market registry is a clinical study 

where data is collected on users of an 

intervention within an open label 

observational framework.  The strength of a 

data registry is the ability to collect a large 

sample size of real-world use.59  The 

QUANTIFY (“QUell ANalgesia Tracking 

Investigation For Year”) registry is a 

prospective, open label, single-arm, 

observational post market study of Quell use 

in patients with chronic pain.   All Quell 

users using the mobile app are invited to 

opt-in to the registry.  Enrolled subjects are 

followed for at least a year.  The primary 

endpoint is improvement in health status as 

indicated by the Patient Global Impression 

of Change (PGIC)60 at 4, 12, and 52 weeks 

post therapy onset.  Secondary endpoints 

include changes in pain and pain 

interference as assessed by the BPI-SF61,62 

and changes in pain medication use at 4, 12, 

and 52 weeks post therapy onset.  Additional 

analyses include dose-response relationships 

and changes in objective sleep metrics.  The 

registry enables demonstration of clinical 

improvement using Quell in many different 

chronic pain syndromes. The registry also 

identifies demographic, clinical, and 

utilization markers for response to therapy.   

 

References 

 

1. Shealy CN. Transcutaneous 

electrical stimulation for control of 

pain. Clin Neurosurg. 1974;21:269-

277. 

2. Johnson MI, Bjordal JM. 

Transcutaneous electrical nerve 

stimulation for the management of 

painful conditions: focus on 

neuropathic pain. Expert Rev 

Neurother. May 2011;11(5):735-

753. 

3. Pivec R, Stokes M, Chitnis AS, 

Paulino CB, Harwin SF, Mont MA. 

Clinical and economic impact of 

TENS in patients with chronic low 

back pain: analysis of a nationwide 

database. Orthopedics. Dec 

2013;36(12):922-928. 

4. Jin DM, Xu Y, Geng DF, Yan TB. 

Effect of transcutaneous electrical 

nerve stimulation on symptomatic 

diabetic peripheral neuropathy: a 

meta-analysis of randomized 

controlled trials. Diabetes Res Clin 

Pract. Jul 2010;89(1):10-15. 

5. Cruccu G, Aziz TZ, Garcia-Larrea 

L, et al. EFNS guidelines on 

neurostimulation therapy for 

neuropathic pain. Eur J Neurol. Sep 

2007;14(9):952-970. 

6. Sluka KA, Bjordal JM, Marchand S, 

Rakel BA. What makes 

transcutaneous electrical nerve 

stimulation work? Making sense of 

the mixed results in the clinical 

literature. Phys Ther. Oct 

2013;93(10):1397-1402. 



9 ©2015 NeuroMetrix, Inc. All Rights Reserved. PN 2204114 Rev. B 

 

7. Buchmuller A, Navez M, Milletre-

Bernardin M, et al. Value of TENS 

for relief of chronic low back pain 

with or without radicular pain. Eur J 

Pain. May 2012;16(5):656-665. 

8. Bennett MI, Hughes N, Johnson MI. 

Methodological quality in 

randomised controlled trials of 

transcutaneous electric nerve 

stimulation for pain: low fidelity 

may explain negative findings. Pain. 

Jun 2011;152(6):1226-1232. 

9. Melzack R, Wall PD. Pain 

mechanisms: a new theory. Science. 

Nov 19 1965;150(699):971-979. 

10. DeSantana JM, Walsh DM, Vance 

C, Rakel BA, Sluka KA. 

Effectiveness of transcutaneous 

electrical nerve stimulation for 

treatment of hyperalgesia and pain. 

Curr Rheumatol Rep. Dec 

2008;10(6):492-499. 

11. Ossipov MH, Dussor GO, Porreca 

F. Central modulation of pain. J 

Clin Invest. Nov 

2010;120(11):3779-3787. 

12. Zemlan FP, Behbehani MM, 

Beckstead RM. Ascending and 

descending projections from nucleus 

reticularis magnocellularis and 

nucleus reticularis gigantocellularis: 

an autoradiographic and horseradish 

peroxidase study in the rat. Brain 

Res. Feb 6 1984;292(2):207-220. 

13. Hurley RW, Hammond DL. The 

analgesic effects of supraspinal mu 

and delta opioid receptor agonists 

are potentiated during persistent 

inflammation. J Neurosci. Feb 1 

2000;20(3):1249-1259. 

14. Ainsworth L, Budelier K, 

Clinesmith M, et al. Transcutaneous 

electrical nerve stimulation (TENS) 

reduces chronic hyperalgesia 

induced by muscle inflammation. 

Pain. Jan 2006;120(1-2):182-187. 

15. Somers DL, Clemente FR. 

Contralateral high or a combination 

of high- and low-frequency 

transcutaneous electrical nerve 

stimulation reduces mechanical 

allodynia and alters dorsal horn 

neurotransmitter content in 

neuropathic rats. J Pain. Feb 

2009;10(2):221-229. 

16. Chan CW, Tsang H. Inhibition of 

the human flexion reflex by low 

intensity, high frequency 

transcutaneous electrical nerve 

stimulation (TENS) has a gradual 

onset and offset. Pain. Feb 

1987;28(2):239-253. 

17. Dean J, Bowsher D, Johnson MI. 

The effects of unilateral 

transcutaneous electrical nerve 

stimulation of the median nerve on 

bilateral somatosensory thresholds. 

Clin Physiol Funct Imaging. Sep 

2006;26(5):314-318. 

18. Dailey DL, Rakel BA, Vance CG, et 

al. Transcutaneous electrical nerve 

stimulation reduces pain, fatigue 

and hyperalgesia while restoring 

central inhibition in primary 

fibromyalgia. Pain. Nov 

2013;154(11):2554-2562. 

19. Maeda Y, Lisi TL, Vance CG, Sluka 

KA. Release of GABA and 

activation of GABA(A) in the spinal 

cord mediates the effects of TENS 

in rats. Brain Res. Mar 9 

2007;1136(1):43-50. 

20. Sluka KA, Deacon M, Stibal A, 

Strissel S, Terpstra A. Spinal 

blockade of opioid receptors 

prevents the analgesia produced by 

TENS in arthritic rats. J Pharmacol 

Exp Ther. May 1999;289(2):840-

846. 

21. Salar G, Job I, Mingrino S, Bosio A, 

Trabucchi M. Effect of 

transcutaneous electrotherapy on 

CSF beta-endorphin content in 

patients without pain problems. 

Pain. Apr 1981;10(2):169-172. 

22. Almay BG, Johansson F, von 

Knorring L, Sakurada T, Terenius L. 

Long-term high frequency 

transcutaneous electrical nerve 

stimulation (hi-TNS) in chronic 

pain. Clinical response and effects 

on CSF-endorphins, monoamine 



10 ©2015 NeuroMetrix, Inc. All Rights Reserved. PN 2204114 Rev. B 

 

metabolites, substance P-like 

immunoreactivity (SPLI) and pain 

measures. J Psychosom Res. 

1985;29(3):247-257. 

23. Leonard G, Goffaux P, Marchand S. 

Deciphering the role of endogenous 

opioids in high-frequency TENS 

using low and high doses of 

naloxone. Pain. Oct 

2010;151(1):215-219. 

24. Leonard G, Cloutier C, Marchand S. 

Reduced analgesic effect of 

acupuncture-like TENS but not 

conventional TENS in opioid-

treated patients. J Pain. Feb 

2011;12(2):213-221. 

25. Koke AJ, Smeets RJ, Perez RS, et 

al. Can We "Predict" Long-Term 

Outcome for Ambulatory 

Transcutaneous Electrical Nerve 

Stimulation in Patients with Chronic 

Pain? Pain Pract. Jan 17 2014. 

26. Johnson MI. Transcutaneous 

Electrical Nerve Stimulation 

(TENS) and TENS-like devices: do 

they provide pain relief? Pain 

Reviews. 2001;8:121-158. 

27. Chen CC, Tabasam G, Johnson MI. 

Does the pulse frequency of 

transcutaneous electrical nerve 

stimulation (TENS) influence 

hypoalgesia? A systematic review of 

studies using experimental pain and 

healthy human participants. 

Physiotherapy. 2008;94:11-20. 

28. Law PP, Cheing GL. Optimal 

stimulation frequency of 

transcutaneous electrical nerve 

stimulation on people with knee 

osteoarthritis. J Rehabil Med. Sep 

2004;36(5):220-225. 

29. Claydon LS, Chesterton LS, Barlas 

P, Sim J. Dose-specific effects of 

transcutaneous electrical nerve 

stimulation (TENS) on experimental 

pain: a systematic review. Clin J 

Pain. Sep 2011;27(7):635-647. 

30. Butikofer R, Lawrence PD. 

Electrocutaneous nerve stimulation-

II: stimulus waveform selection. 

IEEE Trans Biomed Eng. Feb 

1979;26(2):69-75. 

31. Kantor G, Alon G, Ho HS. The 

effects of selected stimulus 

waveforms on pulse and phase 

characteristics at sensory and motor 

thresholds. Phys Ther. Oct 

1994;74(10):951-962. 

32. Bowman BR, Baker LL. Effects of 

waveform parameters on comfort 

during transcutaneous 

neuromuscular electrical 

stimulation. Ann Biomed Eng. 

1985;13(1):59-74. 

33. Friedli WG, Meyer M. Strength-

duration curve: a measure for 

assessing sensory deficit in 

peripheral neuropathy. J Neurol 

Neurosurg Psychiatry. Feb 

1984;47(2):184-189. 

34. Moran F, Leonard T, Hawthorne S, 

et al. Hypoalgesia in response to 

transcutaneous electrical nerve 

stimulation (TENS) depends on 

stimulation intensity. J Pain. Aug 

2011;12(8):929-935. 

35. Rollman GB, Harris G. The 

detectability, discriminability, and 

perceived magnitude of painful 

electrical shock. Percept 

Psychophys. Sep 1987;42(3):257-

268. 

36. DeSantana JM, Da Silva LF, De 

Resende MA, Sluka KA. 

Transcutaneous electrical nerve 

stimulation at both high and low 

frequencies activates ventrolateral 

periaqueductal grey to decrease 

mechanical hyperalgesia in arthritic 

rats. Neuroscience. Nov 10 

2009;163(4):1233-1241. 

37. Davies HT, Crombie IK, Brown JH, 

Martin C. Diminishing returns or 

appropriate treatment strategy?--an 

analysis of short-term outcomes 

after pain clinic treatment. Pain. 

Apr 1997;70(2-3):203-208. 

38. Pallett EJ, Rentowl P, Johnson MI, 

Watson PJ. Implementation fidelity 

of self-administered transcutaneous 

electrical nerve stimulation (TENS) 



11 ©2015 NeuroMetrix, Inc. All Rights Reserved. PN 2204114 Rev. B 

 

in patients with chronic back pain: 

an observational study. Clin J Pain. 

Mar 2014;30(3):224-231. 

39. Toblin RL, Mack KA, Perveen G, 

Paulozzi LJ. A population-based 

survey of chronic pain and its 

treatment with prescription drugs. 

Pain. Jun 2011;152(6):1249-1255. 

40. Menefee LA, Cohen MJ, Anderson 

WR, Doghramji K, Frank ED, Lee 

H. Sleep disturbance and 

nonmalignant chronic pain: a 

comprehensive review of the 

literature. Pain Med. Jun 

2000;1(2):156-172. 

41. Fishbain DA, Hall J, Meyers AL, 

Gonzales J, Mallinckrodt C. Does 

pain mediate the pain interference 

with sleep problem in chronic pain? 

Findings from studies for 

management of diabetic peripheral 

neuropathic pain with duloxetine. J 

Pain Symptom Manage. Dec 

2008;36(6):639-647. 

42. Sadosky A, Schaefer C, Mann R, et 

al. Burden of illness associated with 

painful diabetic peripheral 

neuropathy among adults seeking 

treatment in the US: results from a 

retrospective chart review and cross-

sectional survey. Diabetes Metab 

Syndr Obes. 2013;6:79-92. 

43. Petrofsky JS, McLellan K. Galvanic 

skin resistance--a marker for 

endothelial damage in diabetes. 

Diabetes Technol Ther. Jul 

2009;11(7):461-467. 

44. Mold JW, Vesely SK, Keyl BA, 

Schenk JB, Roberts M. The 

prevalence, predictors, and 

consequences of peripheral sensory 

neuropathy in older patients. J Am 

Board Fam Pract. Sep-Oct 

2004;17(5):309-318. 

45. Chandran P, Sluka KA. 

Development of opioid tolerance 

with repeated transcutaneous 

electrical nerve stimulation 

administration. Pain. Mar 

2003;102(1-2):195-201. 

46. Alon G. High voltage stimulation. 

Effects of electrode size on basic 

excitatory responses. Phys Ther. Jun 

1985;65(6):890-895. 

47. Kuhn A, Keller T, Lawrence M, 

Morari M. The influence of 

electrode size on selectivity and 

comfort in transcutaneous electrical 

stimulation of the forearm. IEEE 

Trans Neural Syst Rehabil Eng. Jun 

2010;18(3):255-262. 

48. Fary RE, Briffa NK. Monophasic 

electrical stimulation produces high 

rates of adverse skin reactions in 

healthy subjects. Physiother Theory 

Pract. Apr 2011;27(3):246-251. 

49. Bloodworth DM, Nguyen BN, 

Garver W, et al. Comparison of 

stochastic vs. conventional 

transcutaneous electrical stimulation 

for pain modulation in patients with 

electromyographically documented 

radiculopathy. Am J Phys Med 

Rehabil. Aug 2004;83(8):584-591. 

50. Somers DL, Clemente FR. 

Transcutaneous electrical nerve 

stimulation for the management of 

neuropathic pain: the effects of 

frequency and electrode position on 

prevention of allodynia in a rat 

model of complex regional pain 

syndrome type II. Phys Ther. May 

2006;86(5):698-709. 

51. Pantaleao MA, Laurino MF, 

Gallego NL, et al. Adjusting pulse 

amplitude during transcutaneous 

electrical nerve stimulation (TENS) 

application produces greater 

hypoalgesia. J Pain. May 

2011;12(5):581-590. 

52. Farrar JT. What is clinically 

meaningful: outcome measures in 

pain clinical trials. The Clinical 

journal of pain. Jun 2000;16(2 

Suppl):S106-112. 

53. Arezzo JC, Rosenstock J, 

Lamoreaux L, Pauer L. Efficacy and 

safety of pregabalin 600 mg/d for 

treating painful diabetic peripheral 

neuropathy: a double-blind placebo-



12 ©2015 NeuroMetrix, Inc. All Rights Reserved. PN 2204114 Rev. B 

 

controlled trial. BMC neurology. 

2008;8:33. 

54. Szopinski S, Lochner G, Szopinska 

H. The effectiveness of analgesic 

electrotherapy in the control of pain 

associated with diabetic neuropathy. 

Southern African Journal of 

Anaesthesia & Analgesia. 2002:12-

18. 

55. Kilinc M, Livanelioglu A, Yildirim 

SA, Tan E. Effects of 

transcutaneous electrical nerve 

stimulation in patients with 

peripheral and central neuropathic 

pain. J Rehabil Med. May 

2014;46(5):454-460. 

56. Moharic M, Marineek E, Vidmar G, 

Burger H. Transcutaneous electrical 

nerve stimulation, pregabalin, and 

their combination in patients with 

painful diabetic neuropathy: effects 

on pain and quality of life. Zdrav 

Vestin. 2009;78:371-379. 

57. Moharic M, Burger H. Effect of 

transcutaneous electrical nerve 

stimulation on sensation thresholds 

in patients with painful diabetic 

neuropathy: an observational study. 

Int J Rehabil Res. Sep 

2010;33(3):211-217. 

58. Carbonario F, Matsutani LA, Yuan 

SL, Marques AP. Effectiveness of 

high-frequency transcutaneous 

electrical nerve stimulation at tender 

points as adjuvant therapy for 

patients with fibromyalgia. Eur J 

Phys Rehabil Med. Apr 

2013;49(2):197-204. 

59. Bruehl S, Apkarian AV, Ballantyne 

JC, et al. Personalized medicine and 

opioid analgesic prescribing for 

chronic pain: opportunities and 

challenges. J Pain. Feb 

2013;14(2):103-113. 

60. Kamper SJ, Maher CG, Mackay G. 

Global rating of change scales: a 

review of strengths and weaknesses 

and considerations for design. J 

Man Manip Ther. 2009;17(3):163-

170. 

61. Cleeland CS, Ryan KM. Pain 

assessment: global use of the Brief 

Pain Inventory. Ann Acad Med 

Singapore. Mar 1994;23(2):129-

138. 

62. Younger J, McCue R, Mackey S. 

Pain outcomes: a brief review of 

instruments and techniques. Curr 

Pain Headache Rep. Feb 

2009;13(1):39-43. 

 

 


