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Introduction

Cranial electrical stimulation (CES) is a noninvasive brain
stimulation technology that uses a low intensity
(0.1-16 mAmp) alternating current (AC) applied to the
head through one or more electrodes. Preset, often patented
stimulus frequency patterns vary across different CES
devices. Treatment typically is given once or twice per
day for 20-60 min, although some newer versions of
CES devices designed to stimulate cranial nerves stimulate
overnight for 8 h per day. CES frequencies range from 0.5
to 15,000 Hz, often with bursts of high-frequency stimula-
tion separated by low frequency stimulation to produce
recurring high-frequency pulse bursts. The higher
frequencies are better able to overcome the high impedance
of the skull. Some commercial devices offer several inten-
sity settings for individual titration for efficacy and com-
fort, and for different clinical applications. Many CES
devices use two electrodes on opposite sides of the head
(e.g., at the temples, on the mastoid processes, on the
earlobes using ear clips), and some include a third or fourth
electrode as well (e.g., on the forehead). Newer devices
designed to stimulate cranial nerves may use one or two
electrodes, supraorbitally (centrally on the forehead above
the eye sockets). Other devices used clinically or in
research may use one electrode over a target area of cortex
and a reference electrode on the top of the head (vertex) or
on the neck, arm or another location.

J. Mindes ()

Department of Psychiatry, Center for Bioethics, College of Physicians
and Surgeons, Columbia University, 3rd Floor, Suite 3-470, 630 West
168th Street, New York, NY 10032, USA

e-mail: jm653@columbia.edu

M.J. Dubin « M. Altemus
Department of Psychiatry, Weill Medical College, Cornell University,
New York, NY, USA

H. Knotkova and D. Rasche (eds.), Textbook of Neuromodulation,

Stimulation parameters vary greatly among CES
instruments and experimental paradigms. Commercial
devices often use special patented patterns of stimulation
that combine a range of low to high frequencies, which the
original inventors believed produced therapeutically potent
stimulation. The alternating current can be sinusoidal or
square waves. Alternating current stimulation used in labo-
ratory experiments to probe brain function usually involves a
single frequency sinusoidal alternating current applied to the
head/scalp, or earlobes and usually is known as transcranial
alternating current stimulation (tACS).

Use of diverse forms of low intensity electrical stimula-
tion of the brain—both alternating and direct (galvanic)
current—goes back to antiquity [1, 2]. Roman physicians
Galen and Scribonius Largus prescribed application of Med-
iterranean electric fishes to the human head to alleviate
melancholia, and to the feet for gout and headaches. More
recently in the eighteenth and nineteenth centuries, Volta,
Aldini, and others studied medical and physiological effects
of direct current (DC). Aldini reported the successful gal-
vanic treatment of patients with melancholia in 1804 [2]. In
the twentieth century, various low intensity AC and DC
current devices applied to the head have been investigated
periodically. Electroconvulsive Therapy (ECT), a high inten-
sity, high frequency AC therapy, introduced in the 1930s by
Bini and Cerletti, had been the dominant psychiatric and
neurological device until the development of Transcranial
Magnetic Stimulation (TMS), Deep Brain Stimulation
(DBS) Magnetic Seizure Therapy (MST), and Vagus Nerve
Stimulation (VNS), along with revived interest in transcranial
Direct Current Stimulation (tDCS), and in diverse forms of
Cranial Electrical Stimulation (CES) in recent decades [2].

CES has been studied and used clinically for over 60
years in North America, Europe, Russia and the former
Soviet Union, to treat insomnia, anxiety, depression, drug
withdrawal, headache, other types of pain, and hypertension.
Early Russian interest sprang from the work of Ivan Pavlov,
who observed that his dogs frequently fell asleep during
experiments using a similar electrical conditioning stimulus,
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hence the earlier term, electrosleep. This was hypothesized
to happen because of spreading inhibition over the cortex,
from a specific locus to generalized inhibition [3, 4]. Electri-
cal stimulation to treat insomnia in humans was first reported
by Robinovitch in 1914, [5]; he used rectangular pulses of
6—-8 kHz, of approximately 4.0 mA (35 V) between forehead
(—) and hand (+) electrodes.

Interest in electrosleep and other applications of CES in
Russia has remained high throughout the twentieth century
and continues to the present ([6—10] and many others). How-
ever, potentially useful information from a large body of
work conducted in the former Soviet Union over many
decades mostly has not been translated and therefore is little
known in the West. The methodology of many Soviet era
studies appears to predate modern clinical research standards.
Klawansky et al. [11] considered some of this literature for
their meta-analysis, and found that most of the published
studies were uncontrolled and were therefore excluded from
the meta-analysis. Some more recent Russian studies occa-
sionally have been published in English (e.g., [8, 10, 12]).

From the early twentieth century to the present, many
names have been used for low intensity alternating current
devices applied to the head, including: cranial electrical
stimulation (CES) [13], cranial electrotherapy stimulation
(CES); transcranial alternating current stimulation (tACS)
[14]; transcranial pulsed current stimulation (tPCS) [15];
transcutaneous cranial electrical stimulation (TCES),
[16—18]; transcranial electrostimulation or transcranial elec-
trical stimulation (TES) [8, 9]; cranial or cerebral electrother-
apy (CET) [19, 20]; transcerebral electrotherapy (TCET);
transcranial electric treatment (TET) [21]; neuroelectric ther-
apy (NET); cranial transcutaneous electrical nerve stimula-
tion (TENS); and descriptives such as electrosleep; brief high
intensity pulsed stimulation [17, 22]; and auricular electrical
stimulation [20].

In recent years, it has become customary to call this class
of devices either CES (for example during the 2012 FDA
hearings on possible re-classification of three of these
devices; see below), or transcutaneous stimulation for devices
intended to stimulate cranial nerves rather than directly stim-
ulate the brain. However, based on stimulation parameters of
transcutaneous devices, it is likely that these two categories of
devices act through similar mechanisms. At this point, the
relative importance of cranial nerve afferent stimulation vs.
direct effects of current on brain tissue is unknown.

Compared to the other classes of brain stimulating
devices, both FDA-approved for neuropsychiatric
indications (Deep Brain Stimulation, Electroconvulsive
Therapy, Vagus Nerve Stimulation, Transcranial Magnetic
Stimulation) and still in development (Magnetic Seizure
Therapy, transcranial Direct Current Stimulation), among
commercial CES devices there is less standardization and
less transparency regarding stimulation parameters. Among

J. Mindes et al.

CES devices there is more variability in stimulus intensity
(Amperage or Voltage), stimulus frequency (Hz), pattern
and duration of stimulus delivery, size, number, and type
of electrodes, and cranial placement of electrodes. CES
stimulation is delivered at 16 mA or below, because intoler-
able scalp discomfort and pain are experienced at the elec-
trode site as the intensity rises close to 16 mA. These doses
are far below the seizure threshold.

Concerning the potential significance of the pattern of
electrical stimulation, Datta et al. [15, 23] draw a distinction
between clinical devices that use pulsed, varying frequencies
of stimulation, as opposed to very low, constant frequency
stimulation used in experimental laboratory studies to probe
brain function, which is often called transcranial alternating
current stimulation (tACS). They therefore advocate that
CES be referred to instead as tPCS (transcranial pulsed
current stimulation), a term Alon et al. also employ [24,
25] and the term tACS be used for stable frequencies used
in experimental studies. To date, there has been little head-
to-head comparison among stimulation parameters to deter-
mine differential biophysical or therapeutic effects [13—15,
23, 26, 27]. If differential therapeutic benefits related to the
various parameters and methods of current delivery become
clearer, this will likely lead to a more standardized device
nomenclature.

CES types of devices have been in use for many years for
a variety of clinical and subclinical symptoms, and a sub-
stantial and diverse body of information has accumulated.
As of 2002, a bibliography by Kirsch listed 145 scientific
studies of CES involving human subjects, reportedly
encompassing over 8,800 people receiving active CES
[28]. Nonetheless, poor understanding of CES efficacy and
mechanism of action persists [29]. Potential mechanisms
and brain areas affected may vary considerably according
to all the aforementioned stimulation parameters. Stimula-
tion doses may also vary due to individual skull and brain
anatomy [15, 23]. Confusion has persisted concerning the
degree to which various devices stimulate brain structures by
electrical fields directly reaching brain tissue, or through
stimulation of afferent fibers of cranial nerves. Recent
research, from modeling [15, 23, 30, 31] and human [24,
25, 32] data indicates that CES devices can modulate corti-
cal and subcortical functions. However, the modeling studies
do not account for afferent neural input, and human studies
cannot establish whether that modulation is the result of
direct cortical stimulation or cranial nerve afferent
stimulation.

Despite the long history of CES use in Europe and the
USA, there have not been large, well-controlled clinical
trials to establish efficacy for neuropsychiatric and other
indications. Clinical studies to date have been primarily
open trials or randomized trials limited by low subject num-
ber, poor subject characterization, inclusion of subjects with
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mixed diagnoses or subclinical levels of symptoms, inactive
sham controls, inadequate blinding, and lack of systematic
collection of side effects and adverse events [11, 38]. As
devices, stimulation parameters and outcome measures also
vary, this makes comparisons and meta-analyses difficult.
Even the few well-controlled human studies that do exist
often have small numbers of subjects and thus provide
constrained evidence of effectiveness for some indications
(insomnia, depression, withdrawal from drug addiction) and
safety overall.

Earlier in the twentieth century, CES was attempted as a
treatment for a variety of of psychosomatic and “psycho-
physiological” disorders, including encephalitis, preeclamp-
sia, enuresis, acid-peptic disease, essential hypertension,
neurodermatitis [33]; and wound healing [9]. In recent
decades, the research and clinical focus has been on with-
drawal from addictive substances, anxiety, depression, head-
ache, pain, and sleep disorders. More recent studies finally
are bringing mainstream clinical trial methodologies to the
study of CES, and new indications are under study. How-
ever, scientifically unsupported claims continue to be
promoted.

There is an extensive literature of animal data using
transcranial, auricular and implanted electrodes, supporting
efficacy of CES for treatment of pain, drug dependency, and
for anesthesia. This literature is not summarized here, except
to note that as of 2005, Gilula and Kirsch [34] reported 29
CES animal studies in the literature. Typical examples are
the study of Dougherty et al. [35], who found that auricular
transcranial electrical stimulation attenuated the severity of
naloxone-precipitated morphine withdrawal in rats; and the
study of Mantz et al. [36] who found that TCES significantly
reduced halothane (a general anesthetic) requirements in a
rat model.

Contemporary Devices and Clinical
Applications

The previous most active period of interest in research on
CES was in the 1960s and 1970s, evidenced by the Interna-
tional Symposia for Electrotherapeutic Sleep and Electroa-
nesthesia, held in Graz, Austria, in 1966 and 1969 [11, 37].
In 1975, there were at least seven American-made commer-
cially available CES devices. In 1995, eight commercial
CES devices were on the market [11]. The two most widely
used CES devices today in the USA are the Alpha-Stim®
devices (Electromedical Products Int. Inc.), which deliver
stimulation up to 0.6 mA through earclip electrodes with
pulsed frequencies which can be set at 0.5, 1.5, or 100 Hz;
and the Fisher-Wallace Cranial Stimulator (Fisher-Wallace
Laboratories), which delivers pulsed higher frequency
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Fig. 11.1 The Alpha-Stim AID cranial stimulator

stimulation through sponge -electrodes placed at both
temples. Current range for the Fisher Wallace device is
1.0-4 mA and frequencies are 15, 500, and 15,000 Hz. The
Fisher-Wallace device uses the same patented frequencies as
the former Liss Cranial Stimulator. CES-Ultra (Neuro-
Fitness LLC), also marketed in the USA, delivers an
adjustable current amplitude from 0 to 1.5 mA, a current
intensity up to 1 A, as a 100 Hz square wave, with 2 ms pulse
duration. CES Ultra gives the option to use ear clip
electrodes or gel electrodes placed on the mastoid processes.
These three devices have 510 K approval status from the
FDA to be marketed for treatment of anxiety, depression,
and insomnia. They are available in the USA only with a
prescription from a licensed health care practitioner
(Fig. 11.1).

The “Limoge’s current” was reportedly satisfactorily used
for several years mostly in France and Russia, to produce
anesthesia (electroanesthesia) and pain control [18].
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Lefaucheur [17] has described the highly specific stimulation
parameters of Limoge’s current, primarily used for electroa-
nesthesia. Trains of stimuli are applied at 77-100 Hz, each
train composed of positive sharp pulses, delivered at
125-167 kHz and separated by large negative pulses of
smaller intensity but with the same area as the positive pulses.
This yields a non-polarized stimulus train of 3—4 ms in
duration and 30-35 V (200-350 mA) in peak-to-peak ampli-
tude. A specifically engineered device delivers the Limoge’s
current into the brain, using a cathode placed between the
eyebrows and two anodes on each posterior mastoid region.
In the years prior to 1990, high frequency (166 kHz) intermit-
tent Limoge-current transcutaneous cranial electrical stimu-
lation (TCES) was used in cardiac, thoracic, abdominal,
urological, and micro-surgery, based on observed benefits of
reduced requirement for analgesic drugs, particularly opiates,
and long-lasting postoperative analgesia [39, 40].

The CES devices commercially available in the USA and
CES devices used in Europe and the USSR are intended to
deliver non-targeted stimulation to the head and brain. Some
more recent CES-like devices, currently only available
abroad, are proposed to modulate the brain indirectly via
stimulation of cranial nerve afferent fibers. Specific cranial
nerves are chosen to treat specific disorders, for example,
supraorbital stimulation of the trigeminal nerve for migraine
relief, as in the Cefaly® device [41], and to mitigate epileptic
seizures, and possibly treat other conditions, as in the Mon-
arch™ external Trigeminal Nerve Stimulation (eTNS™)
system [42]. However, the stimulation parameters are very
similar to those of older CES devices, raising the question to
what degree these devices and CES devices also act at least
in part through direct stimulation of brain tissue vs. stimula-
tion of afferent cranial nerves.

The Cefaly® device (STX-Med, Liége, Belgium) uses a
single frontal self-adhesive electrode contained within a
rigid headband that is placed horizontally over the forehead
and over the ears. Cefaly’s model indicates the device works
by stimulating the bifurcation of the trigeminal nerve cen-
trally just above the orbits (the supratrochlear and supraor-
bital nerves); this cranial nerve transmits sensation from the
face and scalp to the brainstem. The device is thought to
stimulate endorphin release, and stimulation of sensory
afferents is thought to block headache or migraine pain
pathways into the central nervous system. Cefaly™ asserts
that its technology is very safe. The Cefaly®™ device
generates biphasic rectangular impulses with 250 ps pulse
width, 60 Hz frequency, and 16 mA current intensity. Stim-
ulation sessions are recommended to last 20 min, once/day.
Case reports and research papers are available on the
Cefaly® site, which states that more than 5,000 treatment
sessions occurred in the cited 25 laboratory, case, pilot, and
blinded studies of Cefaly’s clinical effectiveness and safety
(http://www.cefaly.ca/site/studies). The Cefaly® device has
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been submitted for FDA approval in the USA and currently
is available in Canada and Europe without a prescription.

The NeuroSigma Monarch™ external Trigeminal Nerve
Stimulation (€TNS™) system, also designed to stimulate the
trigeminal nerve at both the infraorbital and supraorbital
branches. Based on prior research [42—44], FDA has just
permitted initiation of a Phase III clinical trial of the Mon-
arch™ gystem for epilepsy. The manufacturer points out that
trigeminal nerve afferents project indirectly to multiple brain
areas playing key roles in seizure inhibition and initiation,
but also implicated in depression, anxiety, and pain circuits:
the nucleus solitarius, locus coeruleus, anterior cingulate,
and cerebral cortex. Based on mood improvement in patients
treated for epilepsy, this device now also is being
investigated for treatment of depression [45]; a Phase II
clinical trial is underway in the USA. In addition, a Phase I
clinical trial has just been begun of the Monarch ™ device
for Post-Traumatic Stress Disorder (PTSD), and for Atten-
tion Deficit Hyperactivity Disorder (ADHD) in children. An
implantable form of the same technology also is being
developed, STNS™, using subcutaneous electrodes and an
implantable pulse generator. The Monarch™ eTNS™ Sys-
tem, not yet available in the USA, is available in Canada and
the European Union but only with a physician’s prescription
(www.neurosigma.com; http://www.monarch-etns.com).

Finally, the Transair device (abbreviated from
(TRANscranial electrotherapy Stimulator for Analgesia,
Immunity and Reparation), created at the Pavlov Institute
of Physiological Sciences of the Russian Academy of
Sciences, Center TES (http://neurotes.com) and marketed
in Russia and Eastern Europe (see e.g., Onkocet), is report-
edly widely used in clinics in those regions. The Transair
devices stimulate via four electrodes, two on the mastoids
and two on the forehead. Five devices are mentioned on the
site. They have multiple-programmed settings to treat a very
wide range of illnesses and conditions. Four devices are for
clinic use, including one device specialized for audiological
use, and one is for home use. Two Transair devices are
described with some detail. The types of electric current
used are: TRANSAIR-05: pulsed monopolar current and
pulsed bipolar current with frequency modulation control,
direct current in combination with pulsed monopolar cur-
rent, and direct current, with intensity up to 5 mA, at a
frequency of 50 Hz; TRANSAIR-04: pulsed bipolar current,
pulsed monopolar current and combination monopolar and
direct currents in 1:1 ratio, with intensity up to 5 mA, at a
frequency of 50 Hz (Table 11.1).

Additional novel electrode sites may be used in future
forms of cranial and transcranial stimulators. Drawing on
earlier research [46, 47], Kraus and colleagues [48]
investigated BOLD fMRI effects in response to transcutane-
ous electrical stimulation of two different zones in the left
outer auditory canal. This area is rich in vagal afferents.
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Table 11.1 Leading commercially available CES devices, USA and abroad: device type, electrode number, type and placement, clinical

applications

Device Device Electrode Electrode

Name Type Number Type
Alpha-Stim®™ CES 2 Earclip electrodes
AID (does not treat pain)

M (treats pain)

Electromedical Products

Int., Inc

CES-Ultra CES 2 Earclip electrodes
Neuro-Fitness, LLC Pre-gelled electrodes
Fisher-Wallace CES 2 Sponge electrodes

Cranial Stimulator®
Fisher-Wallace Laboratories
Transair

DOCTOR TES-03
TRANSAIR-03

CES (TES) 4

Electrode pads or Solid gel
electrodes (for home use
DOCTOR TES-03 model

Electrode
Placement

Earlobes

Earlobes
Mastoid processes

Temples, above
zygomatic arch

Central forehead/
supraorbital (2) and
Mastoid processes (2)

Clinical applications

Anxiety, depression,
insomnia, chronic pain

Anxiety, depression,
insomnia

Anxiety, depression,
insomnia, chronic pain

Pain (neuro, other), anxiety,
depression, “correction of
psychophysiological state,”

TRANSAIR-04 only)

TRANSAIR-05
TRANSAIR-07

Pavlov Institute, Russian
Academy of Sciences,

Center TES
Cefaly® Cranial nerve 1
STX-Med stimulator

(Canada, EU only)
Monarch™ e-TNS™
NeuroSigma
(Canada, EU only)

Cranial nerve 2
stimulator

Stimulation parameters were pulse width 20 ms, frequency
8 Hz, individually titrated to be well tolerated; and mean
stimulation intensity was 32.6 V (min 14 V, max 57 V).
They found robust BOLD signal decreases in limbic
structures and the brain stem during electrical stimulation
of the left anterior auditory canal, including BOLD signal
decreases in the area of the nuclei of the vagus nerve, which
may indicate an effective stimulation of vagal afferents.
Stimulation at the posterior wall of the auditory canal
resulted in changes of the BOLD signal within the nucleus
solitarius, a key relay station of vagal neurotransmission.
Kraus and colleagues concluded that there is promise in
this specific novel method of cranial nerve X or vagal stim-
ulation, and that it could be beneficial for treatment of
psychiatric conditions. A similar in-ear electrode location
was demonstrated by Datta et al. [23] in a modeling study to
produce higher induced electrical field magnitudes in the
midbrain, pons, hypothalamus, and insula than some con-
ventional CES stimulation sites.

Self-adhesive electrode
patch with connector

External conductive patch

PTSD, addictions, stress,
hypertension, tinnitus,
many others

Central forehead/
supraorbital

Migraine headache

Central forehead/
supraorbital

Epilepsy, depression,
ADHD (ped.), PTSD

Evidence of CES Efficacy from Open
and Randomized Clinical Trials

Clinical conditions for which there is preliminary evidence
of CES benefit from human data include, e.g., anxiety
[49-51], review; [11], meta-analysis for anxiety indications
[52], anxiety in addicts [53] and dental patients [54]; bipo-
lar II disorder [55]; depression [51, 56-58]; hypertension
[59, 60]; fibromyalgia [61]; insomnia [62, 63]; migraine
headache [41] and tension headache [64]; nightmares,
aggression/irritability [62, 65]; pain [66—68]; surgical and
post-surgical analgesia [69-71] and anesthesia [18];
Parkinson’s disease [25] and pain in PD [72]; substance
abuse withdrawal and relapse prevention [21, 53, 73-78,
Smith, 1982]; and visual field deficits after optic nerve
injury [79, 80].

Some focused [50, 38, 81-83] and fairly comprehensive
reviews of CES [11, 13, 18] also have appeared in recent
years. According to Klawansky[11], as of 1995, evidence for
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efficacy, as measured by effect size based on the 14 included
pooled studies, was strongest for anxiety disorders (CES >
sham, p < 0.05).

The more robust clinical trials among the above include
studies of CES for fibromyalgia [61, Taylor, 2011]; migraine
headache [41]; addictions (e.g., [53, 74]); dental procedure
anxiety [54]; surgical analgesia [70, 71]; pain [66] and visual
field deficits after optic nerve injury [79, 80].

The Cefaly device reduced migraine frequency during
daily treatment for 2 months [41]. Compared to stimulation
with a 30 ps pulse width, 1 Hz frequency and 1 mA current
intensity. The Cefaly device also was found to promote a
sedative effect [84].

The NeuroSigma Monarch™ external Trigeminal Nerve
Stimulation (€TNS™) currently is marketed for treatment of
epilepsy and depression in Canada and the European Union,
but published data supporting efficacy is weak. DeGiorgio
[42, 43, 85] conducted a double-blind randomized active-
control trial in drug-resistant epilepsy to test the suitability
of the NeuroSigma type of CES treatment, and to try to
establish control parameters in preparation for a phase III
multicenter clinical trial. Fifty subjects with long-term epi-
lepsy (mean age approx. 22 years) and two or more partial
onset seizures per month first had a 6-week baseline period,
and then were evaluated at 6, 12, and 18 weeks during the
acute treatment period. Participants were randomized to
treatment (¢eTNS™ 120 Hz) or control (eTNS™ 2 Hz)
parameters, and were matched on key variables; they were
highly drug-resistant, having failed on average more than
three antiepileptic drugs prior to enrollment. eTNS™
(NeuroSigma) was well-tolerated; side effects included anx-
iety (4 %), headache (4 %), and skin irritation (14 %). The
responder rate (50 % reduction in seizure frequency) was
30 % for the treatment group vs. 21 % for the active control
group for the 18-week treatment period (n.s., p = 0.31).
However, the treatment group experienced a significant
within-group improvement in responder rate over the 18-
week treatment period (from 18 % at 6 weeks to 41 % at 18
weeks, p < 0.01). eTNS™ also was associated with
improvements in mood on the Beck Depression Inventory
(p < 0.02). The authors concluded that this Class II evi-
dence suggests that eTNS™ is safe and may be effective in
subjects with drug resistant epilepsy. A larger multicenter
phase III clinical trial is being planned.

Using methods and stimulation parameters similar to
those in the NeuroSigma epilepsy studies [43, 85]. Schrader
et al. [45], examined the effects of the Neuro Sigma device
as an adjunct to pharmacotherapy for major depression. Five
adults (mean age 47 years), all with persistent depressive
symptoms despite adequate pharmacotherapy, participated
in an 8-week open-label outpatient trial. Nightly stimulation
for a minimum of 8 h over the V1 branch of the trigeminal
nerve was well tolerated, although some participants
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developed skin irritation under the device contact site. The
clinician-rated Hamilton Depression Rating Scale
(p = 0.006) and self-rated Beck Depression Inventory
(p = 0.0004) detected significant symptomatic improve-
ment over baseline. The authors concluded that
eTNS™ may be a useful adjunct to pharmacotherapy in
major depressive disorder, and call for larger trials. It
should be noted that nightly stimulation for 8-12 h is
much more extensive than stimulation periods in most
CES studies for mood-related problems, of typically
20-30 min/day.

A number of important treatment parameters remain to be
investigated for all CES devices. Some studies suggest that
response to CES stimulation can be rapid, occurring after
2-10 sessions [8], but it is not clear how long benefits persist
after cessation of treatment. Feighner et al. [33] examined
the duration of clinical benefit after terminating use of CES
for indications such as depression and anxiety. Their double
blind, randomized controlled study tested the efficacy of
electrosleep on patients with chronic (>2 years) psychiatric
illness refractory to treatment, with symptoms of anxiety,
insomnia and depression not caused by medical illness. In a
crossover design, patients were randomly assigned to either
Group I, ten active electrosleep treatments followed by ten
sham treatments over a 4-week period, or Group II, ten sham
electrosleep treatments, followed by ten active electrosleep
treatments over a 4-week period. Repeated, blinded objec-
tive and subjective ratings were acquired to assess clinical
improvement, and follow-up ratings were done on a monthly
basis for 6 months. Results indicated that active electrosleep
treatments significantly improved sleep, anxiety, depression,
and psychosocial adjustment. However, only one patient had
sustained remission; all other patients who initially
responded relapsed during the first month following treat-
ment cessation, and of these, only two responded to a further
intensive course of electrosleep therapy, and did well with
maintenance treatments.

Further research is needed to identify optimal schedules
and duration of treatment—daily use for a specific duration
in months, or brief bursts of CES application for a few days,
then cessation of use for a specific period of time, then
repeated, or simply used ad libitum as desired. The effects
of tapering of CES treatment either at initiation or termina-
tion on efficacy, adverse events, or relapse have not been
studied, and should be. A rat model study [27] investigated
the effect of varying transcranial AC stimulus frequency,
pulse width, charge balance and polarity, electrode place-
ment, and time of day of stimulation on tail flick response to
heat. A biphasic, charge balanced waveform with a first
phase duration of 2 ms, current 10 mu Amp and repetition
rate 10 Hz was found to induce maximum tail flick latency
changes from baseline.
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There has been almost no systematic examination of
whether and how severity of depression or anxiety affects
response to CES. In the study of Feighner et al. [33], patients
diagnosed as having primary depression (major depressive
disorder) did worse with active electrosleep treatment. They
concluded that in patients with primary depression,
electrosleep therapy should be used with caution, and may
be contraindicated. Whether there are sustained or only short
term benefits of CES requires much more extensive scien-
tific study.

Lebedev et al. [8] reported that fatigue, stress, and related
psycho-physiological  disturbances were significantly
improved or abolished after 2-5 transcranial electrical stim-
ulation (TES) sessions (TRANSAIR device), in mixed
groups of stressed workers, military members, patients
with PTSD and other conditions, and others (total
N = 808), and according to Lebedev et al., more noticeably
in cases of more serious disturbance. Better response in
patients with more severe illness seems to contradict the
report of Feighner et al. of worse response in more severe
depression, but not enough detail is provided in either study
to compare severity of illness.

Many patients increasingly seek less invasive and less
expensive forms of treatment.

Because CES has not been adequately tested in
individuals with major depression or specific anxiety
disorders [38], there is appropriate concern that more
severely ill individuals may avoid proven interventions in
favor of CES self-treatment. Schrader et al. [45] are
investigating the NeuroSigma eTNS™ trigeminal nerve
stimulating device for major depression, but as an adjunct
to pharmacotherapy. A more appropriate role for CES might
be to help maintain remission after a course of a proven
treatment, for example for depression, but little data is avail-
able to address the question of efficacy for more severe
Ssymptoms.

A new approach which could be particularly productive
for clinical use of CES is to target pain, depression, insomnia
and fatigue as a group of symptoms, which commonly co-
occur in inflammatory disorders, other medical illnesses, and
in situations of chronic stress [57, 86]. Anecdotally, CES
users often have reported feelings of increased energy, mild
euphoria, and a lack of concern about minor problems [87,
88]. Anecdotal documentation of this response to CES is
widespread in many studies over the decades of its use, and
also can be found on commercial device Web sites that post
consumer endorsements and informal tabulations of benefits
and side effects. There also is some evidence that a single
session of CES can attenuate acute stress responses [8],
reduce physiological and psychological arousal in healthy
subjects, and reduce vigilance and increase drowsiness in
healthy volunteers [84]. Concerning other applications of
CES for stress reduction, some human resources
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professionals have suggested that CES might be used in
nonclinical populations to help alleviate workplace stress
[89].

Interestingly, relaxation benefits of CES also are reported
in animals. It was Pavlov’s early observation of the soporific
effects on dogs in his experiments that stimulated early
Russian interest in electrosleep [3]. Fisher-Wallace
Laboratories also offers an equine version of a CES device
called the Happy Halter, which is marketed to veterinarians
and trainers of high performance horses. It reputedly is
useful in calming nervous horses and in pain reduction
[90]. The Alpha-Stim device reportedly is also successfully
being used to calm horses [91].

Taylor and Lee [92], in a double-blind protocol,
administered to ninety healthy volunteers 30 min of constant
current sine-wave cranial transcutaneous electrical nerve
stimulation (TENS) of 5, 100, or 2,000 Hz frequency (current
maintained below 0.5 mA for safety), placebo TENS, or no
treatment. The five groups were compared on pretreatment to
posttreatment changes in blood pressure, heart rate, periph-
eral temperature, and anxiety. Analysis showed significant
reductions in systolic and diastolic blood pressure and heart
rate after 100 Hz cranial TENS as compared to the other
groups. No other differences achieved significance.

The military has shown interest in CES, in particular for
treatment of PTSD [93-95]. Both the Alpha-Stim and
Fisher-Wallace company Web sites indicate military use of
the devices and Armed Forces funding of clinical trials.

Clinicaltrials.gov posts the following trials of CES as of
July 2013: Cranial Stimulation for Chemotherapy
Symptoms in Breast Cancer (Virginia Commonwealth Uni-
versity, National Cancer Institute); Efficacy and Safety of
Cranial Electrical Stimulation (CES) for Major Depressive
Disorder (MDD) (Massachusetts General Hospital, Fisher
Wallace Labs, LLC); Cranial Electrical Stimulation Effects
on Symptoms in Persons With Fibromyalgia (University of
Virginia); Use of Alpha-Stim Cranial-Electrotherapy Stimu-
lation (CES) in the Treatment of Anxiety (Wyndhurst
Counseling Center, Liberty University); A Pilot Study of
Cranial Electrotherapy Stimulation [CES] for Generalized
Anxiety Disorder (University of California, Los Angeles);
Cranial Electrotherapy Stimulation (CES) to treat PTSD
(CES-fMRI-PTSD) (McLean Hospital, Mending Minds
Foundation).

Contraindications for Use and Safety of CES

There are few contraindications for use of CES on the device
manufacturers’ Web sites. Interestingly, the Russian com-
pany Transair is the only one that lists extensive contrain-
dications (see Table 11.2 below). This makes sense in that
Transair seeks to treat much more varied conditions.
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Table 11.2 Contraindications for CES device use reported on manufacturer Web sites

CES device name

Alpha—Stim® , Electromedical Products Intl., Inc
CES-Ultra, Neuro-Fitness, LLC

Fisher-Wallace Cranial Stimulator®,
Fisher-Wallace Laboratories

Transair, Pavlov Institute, Russian Academy of
Sciences, Center TES

None mentioned
None mentioned

Contraindications mentioned on Web sites
Cardiac pacemaker

Seizures, epilepsy; acute brain injuries and tumors, central nervous system infections,
stage III hypertension, hypertensive emergency; hydrocephalus; acute psychiatric

disorders; thyrotoxicosis; atrial fibrillation; broken or damaged skin on forehead, area of
electrode application; implanted electrostimulators; in children under 5 years of age

Cefaly®

STX-Med (Canada, EU only)
Monarch™ e-TNS™
NeuroSigma (Canada, EU only)

Transair TES therapy is contraindicated in: seizures, epi-
lepsy; acute brain injuries and tumors, central nervous sys-
tem infections; stage III hypertension, hypertensive
emergency; hydrocephalus; acute psychiatric disorders; thy-
rotoxicosis; atrial fibrillation; broken or damaged skin on
forehead, area of electrode application; implanted electrosti-
mulators; in children under 5 years of age.

No serious adverse events have been reported in the past
50 years of CES use in clinical and research settings. How-
ever, few trials to date have systematically and prospectively
recorded side effects. In 1974, a review of the research on
safety of cranial electrotherapy stimulation (CES) was
commissioned by FDA and conducted by the National
Research Council, Washington, DC. The NRC reviewers
concluded that “significant adverse events or complications
attributable” to the application of electric current of approx-
imately 1 mA or less for “therapeutic effect to the head”
(cranial electrotherapy stimulation) were “virtually nonexis-
tent” [96].

Electronic Products International (EPI), the manufacturer
of the Alpha-Stim device, indicates that consumer reports to
EPI in 2007-2011 concerning adverse events were
associated with <1 % of a reported 58,030 Alpha-Stim
units sold in that same period. Also drawing from 14
published studies using the Alpha-Stim device and involving
a total of 2,389 subjects who had active treatment, they
further reported that adverse events occurred in less than
<1 % of all study treatments. Side effects included pain or
itching at the earlobes, vertigo, drowsiness, nausea, head-
ache, tinnitus and others. However, for many of these studies
current was set at 0.1 mA, for 60 min, to reduce the chance
that subjects could discriminate active treatment from sham.
Recently, studies have more systematically collected data on
side effects, detecting higher rates of side effects. Even at the
low 0.1 mA intensity of stimulation, a recent controlled
study with the Alpha-Stim device found that 30 % of
subjects reported ear pain or itching at the electrode sites

None mentioned

Driving, recent brain or facial trauma, skin conditions/rashes/abrasions on face, head,
Meniere’s disease

[97]. Of note, at that low stimulation intensity, recent well-
controlled trials found no reduction in target symptoms of
neuropathic pain [97], insomnia or depression [98].

The NeuroSigma trigeminal nerve stimulation device,
intended to be used for 24 h continuously, was associated
with mild to moderate skin irritation under the electrodes in
eight of 13 subjects [99]. Irritation was relieved by hydro-
cortisone cream, reduction of length of exposure to stimula-
tion from 24 to 12 h, and alternation of the location from
supraorbital to infraorbital.

Studies using higher stimulation frequencies and intensity
(4-16 mA) have found that all subjects reported intense
paresthesias [41] or flickering lights [24, 100, 101].

Decades ago, electrodes sometimes were applied to the
eyes, to bypass skull impedance. but this was associated with
blurred vision which persisted for some minutes after
treatment.

Other rare, possibly related safety concerns were noted in
prior studies. A study of rural law enforcement personnel
using CES for depression reported one participant developed
increased levels of agitation, and was removed from the
study [102]. One participant in a study of CES for chronic
mental illness reported an increase in auditory hallucinations
but was able to finish the study [103].

Although CES has been suggested as a safer alternative to
antidepressant and antianxiety medication during preg-
nancy, there has been one report of a frequency-dependent
reduction in fetal weight and increased fetal death in rats, as
a consequence of 1 h of daily CES treatment at 0.125 mA
and 0.22 ms pulse width during pregnancy [104].

In 1975, Jordan and Morris investigated safety of a com-
bined AC and DC stimulation paradigm in young male
beagle dogs, using an electrosleep (ES) machine
manufactured by Hoffman-LaRoche Corporation. This par-
adigm was based on a human protocol that called for one eye
and one occipital electrode at a strength of 1 mA of AC
current and 0.33 mA of DC current. The canine protocol
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involved comparable stimulation sites, with three dogs
assigned to each of the three experimental conditions:
1 mA of AC current and 0.33 mA of DC current; 5 mA AC
and 1.33 mA DC; and Sham. Frequency was 100 Hz with a
pulse width of 5 ms. While the dogs were anesthetized, 13
daily treatments of 1 h duration were applied over a 3-week
period, at fixed AM and PM times, with extensive physio-
logic sampling on days 1, 7, and 13. At the end of the
protocol the dogs were sacrificed and both eyes and the
brain were examined grossly and microscopically. No clini-
cally significant neurologic signs were observed. Pathologi-
cal data revealed some suspicious findings (oligodendroglia,
areas of calcification) most often in the striate cortex, cau-
date nucleus and septum, but these were deemed small and
of questionable significance, except for one instance. A
dose-response relationship was observed, with the high
dose condition producing the majority of all lesions (approx-
imately 14/dog), compared to low dose and sham (between
approximately 7 and 9/dog), again the majority deemed not
likely significant. Other major findings included EEG
slowing, depression of B-wave amplitude, and a chronic
increase in pulse rate. The authors cited the small number
of animals as a reason to replicate the study on a large scale,
for valid statistical analysis [105]. Unfortunately this study
could not determine whether the AC or DC stimulation was
more likely to cause the lesions and other changes observed.

The peak electric field magnitudes generated during CES
(<1 V/m) are approximately 100-1,000-fold lower than
electric fields induced by transcranial magnetic stimulation
(TMS) or electroconvulsive therapy (ECT), which also is
AC stimulation [15]. The lack of evidence of brain injury
associated with electroconvulsive therapy provides support
for the likely safety of CES. ECT uses currents in the range
of 2-4 A applied for approximately 30 s per session,
designed to induce a seizure. CES uses a 1,000-fold smaller
current (0.1-16 mA) for a longer duration (typically,
20-60 min daily) and a greater number of therapeutic
sessions (30-60), compared to ECT (6-20). Because CES
stimulation is too low intensity to produce seizures, it also
does not produce the memory impairment often associated
with ECT. There has been no evidence of structural brain
injury associated with the far more powerful ECT, as
measured by CT or MRI scans [106, 107]. Dwork et al.
[108] presented preliminary findings, in what was then the
first well-controlled nonhuman primate neuropathological
study of ECT to use perfusion fixation, and the first to
compare ECT with magnetic seizure therapy (MST); neither
modality produced histological lesions in the brain.

There is a literature on transcranial electrical stimulation
(TES) used for intraoperative motor evoked potential (MEP)
monitoring (although the term TES also has been used by
Lebedev for more conventional applications of CES,
[7-10]). Journee [22] pointed out that the TES used in
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intraoperative monitoring differs in several respects from
conventional cranial electrical stimulation, for example, it
administers brief pulses of several hundreds of volts and
currents may exceed 1 A, whereas conventional CES
stimulators are limited to <20 mA. Due to the strong scalp
pain generated, clinical use of high-intensity TES has been
restricted to monitoring of motor pathways under general
anesthesia. Transcranial magnetic stimulation, which also
causes brief scalp pain in conscious subjects, stimulates a
relatively small part of the brain. TES may elicit action
potentials in many neural structures in a large volume of
the brain, in complex intraoperative stimulation paradigms
with increasing numbers of pulses. Therefore, Journee
believes that concern about the risk of adverse or irreversible
functional changes in the brain is appropriate. High intensity
TES would seem to lie on a safety continuum between CES
and ECT. MacDonald [109] reviewed the safety of high
intensity TES, in comparison with other clinical and experi-
mental brain stimulation methods and in light of clinical
experience, in more than 15,000 cases. According to
MacDonald, remarkably few adverse events were reported.
Journee [22] pointed out that adverse events may have been
underreported, but also concluded that with appropriate
oversight and stimulation parameters, TES for intraoperative
monitoring can be safe and beneficial. The minimal adverse
events associated with the more powerful TES device offers
some comparative support for the likely safety of the much
weaker current of conventional cranial stimulators, although
TES is not used chronically.

Research experience with tDCS also provides support for
likely safety of CES. The alternating current delivered by
CES is of similar amplitude (0.1-16 mA) to the direct
current of tDCS. Since the development of tDCS in the
1960s, many hundreds of subjects have participated in stud-
ies. tDCS has been very well tolerated, with no significant
adverse effects reported after a comprehensive review [110],
other than scalp burns. In a more recent review and meta-
analysis of studies reporting tDCS-caused adverse events,
itching, tingling, burning sensation, headache, and discom-
fort were reported, more often in older and less healthy
subjects and those who got higher current intensities [111].
Of note, scalp burns have never been associated with CES
stimulation. Use of alternating current and usually no skin
abrasion at the stimulation site are characteristic of CES
administration, which may explain why skin burns do not
occur with CES, although occasional mild skin reddening
does. Additional tDCS safety findings include no elevation
of neuron-specific enolase, a sensitive marker of neuronal
damage [112]. Bikson et al. [113] discuss animal model data
showing brain lesions from use of tDCS at high intensities
(higher than would be used therapeutically in humans). The
lesions are hypothesized to result from heating of tissue.
Further discussion of safety issues for CES and tDCS can



136

be found for example in Bikson et al. [113] and Lefaucheur
[16, 17].

Further work will be needed to determine whether there
are interactions between CES and neuropsychiatric
medications, that could impact efficacy or tolerability of
either CES or the concurrent medications. This has not
been studied in CES, but has been somewhat examined in
tDCS and TMS. Lefaucheur [16] points out that medication
is likely to be a major source of changes in cortical function
and patients with neuropsychiatric disorders are rarely free
of drugs affecting brain excitability. For example, a recent
study found that tDCS results improve with concurrent anti-
depressant administration [114]. The authors’ conclusions
were that in major depressive disorder, the combination of
tDCS and sertraline increases the efficacy of each treatment;
and the efficacy and safety of tDCS and sertraline did not
differ. Lefaucheur [16] discusses several kinds of
interactions of neurotransmitter agonists and antagonists
with tDCS stimulation, and additionally mentions that dura-
tion of drug administration and drug plasma levels also
influence modulatory effects of cortical stimulation on the
excitability of a target area [16]. As mentioned above,
Schrader et al. [45] are investigating the NeuroSigma tri-
geminal nerve stimulating device to treat major depression
as an adjunct to pharmacotherapy.

Future work also is needed to determine the risk to
patients with bipolar disorder of becoming manic. There is
one published report of mania being induced in a bipolar II
patient being treated with tDCS [115]. Research on CES for
bipolar II is in its infancy [55].

CES Regulatory Status (FDA)

Over the past 35 years, several CES devices were granted
510 K clearance in the USA to be marketed for the treatment
of depression, anxiety, and insomnia, because the designs
are equivalent to devices which were approved prior to 1976,
when FDA began to require evidence of efficacy. In 1989,
FDA amended its device regulations to require all devices
that had not already done so to go through a formal
premarket approval process, including submission of evi-
dence of efficacy, and if requested, safety as well. As of
1993, FDA formally requested that CES device
manufacturers comply with this requirement; they did not
do so at the time [11]. Despite having received 510 K status
in 1991 (e.g., the Fisher-Wallace device) to be marketed for
the treatment of depression, anxiety, insomnia, and also
chronic pain, due to the revised FDA approval process,
CES devices remained in the Class III category. They remain
in Class III after FDA hearings in February 2012
(Table 11.3).

Given the rise of interest in all forms of electrical and
magnetic stimulation, more and better data for CES should
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gradually become available. However, because existing
devices are close to the end of their patents, there is little
incentive for conducting high quality, large-scale clinical
trials. Device reclassification for CES types of technologies
likely will be revisited in the coming years, particularly
given an emerging generations of new low intensity, high
frequency, alternating current devices, such as the Cefaly™
and Monarch™ eTNS™ devices, and others currently in the
experimental stage [15].

Proposed Mechanisms of Action of CES

Though the mechanisms by which CES may have impact on
the brain and periphery still are minimally characterized,
several have been proposed to date. Below we consider
factors that influence the nature of the stimulation, that
shape its proposed impact on the brain, and therefore the
potential mechanisms of action of CES. We summarize
evidence for several biological pathways that may be the
source of proposed clinically relevant effects, in the hope as
well of identifying clearer targets for scientific study. Pro-
posed mechanisms of action include stimulation of cortical
and subcortical regions; effects on endogenous brain
oscillations and cortical excitability; impact on
neurotransmitters, hormones and endorphins; and impact
on autonomic nervous system.

A key question regarding mechanism of action is whether
CES can penetrate through the skull (high impedance) and
cerebrospinal fluid (CSF; low impedance) to stimulate brain
tissue directly, whether CES stimulates peripheral nerves
that transmit afferent signals to the central nervous system,
or whether CES can stimulate via both pathways. For back
pain, stimulation with higher current of 60-100 mA at
50-200 Hz (i.e., a TENS device), at the skin surface is
thought to relieve pain by stimulation of afferent sensory
nerves. Implanted electrodes for stimulation of peripheral
nerves in the spine and forehead have been used for relief of
visceral pain [116] and headache [117]. Although device
makers claim that cranial nerve stimulation sites are chosen
for relief of specific symptoms based on anatomical neural
relays, there have been no comparative studies with CES
demonstrating differential efficacy based on electrode place-
ment. For example, frontal electrodes have been reported to
relieve migraine symptoms [41] and to have sedative effects
[84]; but bi-temporal electrodes also have relieved migraine
pain [118]. If varied electrode placements have similar clin-
ical effects, this would argue for a more diffuse effect of
CES on brain tissue, possibly by modulation of endogenous
oscillatory rhythms.

Figure 11.2 illustrates the range of stimulation patterns
among published studies using different devices that may
differentially shape CES effects [15, 23, 26].
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Table 11.3 Regulatory status of CES compared to other brain stimulation devices

FDA status
Class III device

Device name

Cranial electrical stimulation
(CES)

Electroconvulsive therapy Class III device

(ECT)

Deep brain stimulation (DBS)  Class I device

repetitive transcranial magnetic Class II device

stimulation (rTMS)

Vagus nerve stimulation (VNS) Class III device Epilepsy (1997)

Treatment resistant depression (2005)

FDA approved indications for clinical use

FDA sanctioned: 510(k) clearances (1991), can be marketed to treat
anxiety, depression, insomnia, chronic pain

Depression (1979)

Essential tremor (1997)

Parkinson’s disease (2002)

Depression (2008)
Migraine prophylaxis (2008)

Device description
Electrical
External
Non-convulsive
Electrical

External
Convulsive
Electrical
Implanted/internal
Non-convulsive
Magnetic

External
Non-convulsive
Electrical
External
Non-convulsive

Magnetic seizure therapy None/ No FDA approved indication Magnetic
(MST) investigational use External

only Convulsive
transcranial direct current None/ No FDA approved indication Electrical
stimulation (tDCS) investigational use External

only Non-convulsive

Adapted from Novakovic V, Sher L, Lapidus KA, Mindes J, Golier J, Yehuda R (2011). Brain stimulation in posttraumatic stress disorder. Eur J

Psychotraumatol. 2: 5609. Review

In order to study the biophysical and clinical significance
of varying stimulation parameters on the brain, until now,
analytical/spherical-based modeling approaches (see
below), animal models, resected skulls, and synthetic
phantoms all have been used [23]. However, as Datta and
colleagues point out, these are of limited value given the
need to study the effects of differing patterns of electrical
stimulation in vivo on the human anatomy and its material
properties. They cite the 1975 research of Dymond et al.
[119] as still the only study that employed direct measure-
ment in humans; the impact of DC electrosleep stimulation-
induced intra-cortical current flow was studied in patients
undergoing presurgical evaluation for epilepsy [23].

Datta and colleagues characterized scalp voltages caused
by administration of CES, to validate subject-specific finite
element method (FEM) models of current flow [23]. Each of
the four stimulation electrode configurations tested resulted
in a distinct distribution of scalp voltages. The authors
suggested that monitoring of scalp voltages may be used to
optimize electrode placement and current dose to increase
transcranial electrical stimulation safety and reproducibility.

Brain Structures Impacted by CES

Computational modeling has been used to estimate intracra-
nial penetration of electrical stimulation [30]. Two studies

used finite element modeling (FEM) to estimate the penetra-
tion and focality of alternating current compared to a time
invariant direct current stimulation [14, 120]. Using 1 mA
and 10 or 100 Hz stimulation, Lopes et al. reported that
alternating current stimulation generates cerebral fields that
are up to ten times larger and 20 % more focused, in part
because alternating current minimizes scalp resistance, with
less current shunting between electrodes prior to
propagating to deeper layers. Ferdjallah et al. [31] created
a four-concentric-spheres simulation of CES with all
dimensions and electrical properties of the model adapted
from clinical data. Results indicated that, with electrode place-
ment on opposite sides of the head to mimic CES application,
the penetrating current density was maximized and a small
fraction of the modeled CES reached the thalamus.

Datta et al. [15], using an updated, more sophisticated
form of modeling, have produced new evidence for the
proposed cortical and subcortical impacts of CES. They
used a high resolution magnetic resonance imaging (MRI)-
derived finite element head model including cortical and
subcortical structures. Cortical electric field (current den-
sity) peak intensities and distributions were analyzed. They
evaluated different electrode configurations of CES, or
montages both conventional (ear clip) and novel (in-ear,
behind ear (ear hook) and over-ear, all similar to headphone
devices; see Fig. 11.3 below). All stimulated at 1 mA inten-
sity (distributed across varying numbers of electrodes).
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CONVENTIONAL EAR-CLIP (Montage 1)
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Fig. 11.3 Conventional cranial electrotherapy stimulation (CES) ear
clip electrode montage and novel transcranial pulsed current stimula-
tion (tPCS) electrode montages. Adapted from: Datta A, Dmochowski

Their model confirmed that significant amounts of current
pass through the skull to reach cortical and subcortical
structures. Depending on the electrode placement, induced
currents at subcortical areas—midbrain, pons, thalamus,
hypothalamus—can be of similar magnitude to those of
cortical areas, and occasionally greater.

The conventional ear-clip montage resulted in a 0.10 V/m
peak induced cortical electric field. Maximal currents were

CONTACT AREA (gnd)

CONTACT AREA (1 mA)

IN EAR
DC: Montage 2

150 Hz: Montage 3

4 mm

(D /

0.25 mA injected through each
of these electrodes

.

‘ground’ boundary
condition

ground

0.5 mA
injected
through
each of
these two
electrodes

JP, Guleyupoglu B, Bikson M, Fregni F (2013a). Cranial electrotherapy
stimulation and transcranial pulsed current stimulation: a computer
based high-resolution modeling study. Neuroimage. Jan 15;65:280-7

induced in the temporal cortex and in the medulla oblongata,
with diffuse activation in the midbrain, pons, thalamus,
insula, and hypothalamus. The in-ear placement resulted in
a similar spatial profile of induced currents; however the
peak induced electric field in the cortex was higher
(0.16 V/m) and in the midbrain, pons, hypothalamus, and
insula. The behind ear placement led to the highest peak
induced cortical electric fields (0.47 V/m) as well as higher
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electric field in several deeper brain structures, except the
medulla oblongata, possibly due to superior current flow
through the mid-brain. The over-the-ear montage placement,
either two or four contacts, led to similar current activation
in sub-cortical and brainstem regions. The models of Datta
et al. suggest that even relatively minor changes in CES
electrode placement alter peak brain electric field and over-
all brain current flow patterns.

In another study that modeled multiple tDCS montages
across three normal adult participants, Datta et al. [121] also
concluded that current flow profile across all subjects and
montages was influenced by details in cortical gyri/sulci,
suggesting that subject-specific modeling could optimize
effects of tDCS. Individual differences in cortical gyri may
also influence CES effects.

Although these models predict current flow based on
anatomical structures, they do not account for facilitated
flow through afferent nerve pathways. For example, the
external ear canal is dense with vagal afferents, and a new,
less invasive form of vagus nerve stimulation, transcutane-
ous VNS (tVNS) also is being developed [46-48]. However,
it remains to be determined whether these different electrode
placements actually yield different clinical effects.

Recent neuroimaging studies in humans support the
notion that CES modulates brain activity. Cerebral blood
flow (CBF) was measured by xenon-enhanced computed
tomography (XeCT™) before and after 2 h of active
(n = 17) vs. sham (n = 19) TCES. Globally, CBF was
unchanged by TCES; however locally, compared to sham
stimulation, TCES caused significant CBF decrease in the
brainstem (mesencephalon) and thalamus (diencephalon),
structures involved in pain and anxiety.

Two MRI studies have shown CES impact on resting
state functional connectivity of the Default Mode Network
(DMN), which reflects normal resting state brain activity
[24, 29]. In the study by Feusner et al. [29] CES at 0.5-
and 100 Hz stimulation was applied to the earlobes at
subsensory thresholds during functional magnetic resonance
imaging in the resting state. Both 0.5 and 100 Hz stimulation
yielded significant deactivation in midline frontal and parie-
tal regions. 100 Hz stimulation was associated with both
increases and decreases in connectivity within the default
mode network (DMN). In the default mode network, nodes
oscillate at the frequency of approximately 0.1 Hz [29]. This
suggests that direct current or alternating current of fre-
quency different than the DMN can disrupt DMN
oscillations. In another study, both tDCS and CES (5, 500,
15,000 Hz) over the primary motor cortex down-modulated
the functional connectivity of the associated resting state
motor network in a recent study [24]. In major depression,
network abnormalities have been reported for both the rest-
ing state default mode network (DMN) and the cognitive
control network [122, 123]. Both antidepressants [124] and
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electroconvulsive therapy [125] have been shown to normal-
ize the DMN in depressed individuals. These reports of CES
effects on the default mode network represent significant
promise for CES, even in the absence of convincing clinical
trials data.

MRI data currently are being acquired in a trial of CES
for depression at Massachusetts General Hospital, and a trial
of CES for PTSD at McLean Hospital, Belmont, Mass.

Evidence for Effects on Endogenous Brain
Oscillations and Cortical Excitability

Recent human laboratory studies have suggested that
alternating current electrical stimulation is a useful paradigm
to modulate endogenous cortical oscillations in order to
study the function of cortical networks. However, underly-
ing mechanisms concerning how periodic, weak global
perturbations alter spatiotemporal dynamics of large-scale
cortical network dynamics are unclear. Ali and colleagues
[126] simulated large-scale networks of spiking neuron
models to investigate this question in endogenously rhyth-
mic networks. They also performed multichannel extracel-
lular recordings during alternating current stimulation in
anesthetized ferrets, to verify that weak global perturbations
can selectively enhance oscillations at the applied stimula-
tion frequency. Their results support future design of
alternating current paradigms that dynamically tailor stimu-
lation frequency to the spectral peak of ongoing brain
activity.

Marshall et al. [127] studied transcranial application of
very low frequency (0.75 Hz) AC during early non-REM
sleep (a period of emerging slow wave sleep). This stimula-
tion enhanced the retention of hippocampal-dependent
declarative memories acquired prior to sleep onset. The
slowly oscillating potential also induced an immediate
increase in slow wave sleep, and slow spindle activity in
the frontal cortex. Brain stimulation at 5 Hz, a frequency
band that normally predominates during REM sleep,
reduced slow wave sleep and left declarative memory
unchanged.

Using constant low frequency AC stimulation, Kanai
et al. [101] demonstrated modulation of phosphene
thresholds to single-pulse TMS, in a frequency-dependent
manner. Of four frequencies tested (5, 10, 20, and 40 Hz)
only stimulation at 20 Hz modulated cortical excitability.
However, it is possible that referred CES stimulation of the
retina rather than occipital cortex produces phosphenes in
this [128] and other studies [129].

Schroeder et al. [130] examined CES-induced EEG
changes in 12 healthy right handed males receiving 0.5,
100 Hz, or sham in a randomized, double-blind crossover
design, using ear clip electrodes, with CES administered
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for 20 min., adjusting the current level until the subject
could feel sensation at the electrode site. The current was
then reduced to a subthreshold level. The current settings
for all subjects had a mean of 48 mA and a range of
10-100 mA. Relative to sham, 0.5 and 100 Hz caused the
alpha band mean frequency to shift downward, and 100 Hz
CES also caused a decrease of the alpha band median
frequency and beta band power fraction. Other studies
have found changes in resting EEG after a single session
[20, 130, 131] and also 2 weeks after completing 14 daily
20 min sessions [132]. Directionality of effects have been
conflicting, likely due to wide variation in stimulation
parameters among studies.

Zaghi and colleagues [13] conducted an experiment that
revealed how important specific stimulation parameters—
including electrode size, which influences current density—
are to producing neurophysiological effects using CES
(here, tACS). They cited a previous study [133] in which
tACS was applied for 2 and 5 min with current density of
0.16-0.25 A/m2 (0.4 mA, 10 Hz, 16 cm? electrodes) that was
unable to show robust effects on cortical excitability. Zaghi
et al. applied tACS at the significantly higher current density
of 0.80 A/m2 (1 mA, 15 Hz, 12.56 cm? electrodes), for the
considerably longer duration of 20 min, and were able to
demonstrate measurable changes to cortical excitability.
Their results revealed that active 15 Hz tACS of the motor
cortex significantly diminished the amplitude of motor
evoked potentials and decreased intracortical facilitation
(ICF), as compared to baseline and sham stimulation,
supporting the notion that AC stimulation with weak
currents can induce significant changes in brain excitability.
In this study, 15 Hz tACS led to a pattern of inhibition of
cortical excitability. They proposed that tACS may have a
dampening effect on cortical networks, and perhaps interfere
with the temporal and spatial summation of weak subthresh-
old electric potentials.

In contrast to tDCS which is thought to hyperpolarize or
depolarize neurons by electric-field induced changes in the
conformation of membrane proteins and thereby change the
resting firing rate [134], CES is thought to not hyperpolarize
or depolarize neurons, but to modulate endogenous
neurophysiologic activity or oscillations [13, 126, 127,
130, 135]. However, recent experimental laboratory studies
using targeted electrode placements shown that lower fre-
quency CES can alter visceral and somatosensory perception
[136], motor control [137, 138], and memory [127], matched
to the synchronized oscillatory activity of cortical areas
engaged in specific cognitive and motor processes recorded
through EEG [139]. To date, CES laboratory studies of
behavioral effects have not examined head-to-head possible
differential CES device efficacy based on electrode place-
ment, or any other specific configurations of stimulation
parameters. However, in one recent study, at the theta
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frequency of 6.5 Hz, CES effects were hemisphere-specific
for a risk-assessment task [140].

Radman et al. [141] pointed out that it is remarkable that a
weak electric field such as that delivered by CES-like
devices has the ability to entrain an oscillating brain
network.

Abnormalities in oscillatory function have begun to be
recognized in depression, schizophrenia, and other
neuropsychiatric disorders. CES theoretically has the poten-
tial to reactivate hypoactive neuronal circuits or inhibit
overactive circuits. In addition, CES may play a therapeutic
role by counteracting deleterious, disease-related synchroni-
zation between subcortical structures interconnected with
the cortex [16].

Evidence for Impact on Neurotransmitters,
Hormones, and Endorphins

PET scanning could reveal brain-based changes in particular
neurotransmitters’ release and receptor availability as a
function of CES stimulation. Although it is frequently
suggested that CES raises brain endorphin levels, evidence
supporting this assertion still is relatively weak, and primar-
ily based on animal studies.

Two small uncontrolled human studies found increases in
cerebrospinal fluid (CSF) beta endorphin and serotonin fol-
lowing CES stimulation [58, 142, 143]. Additional reports of
CES-associated changes in urinary or blood plasma level of
hormones, neuropeptides, and neurotransmitters, including
serotonin, catecholamines, GABA, DHEA, human growth
hormone (HGH), cortisol, beta-endorphin, and thyroxine
[144-146] are likely to reflect pituitary or peripheral produc-
tion of these neuromodulators rather than spillover from
brain production. However increases in hormones which
readily cross the blood brain barrier, such as thyroxine,
could impact brain function [144] and peripheral release of
neuropeptides could activate the brain through vagal
afferents.

A number of animal studies implicate the endogenous
opioid system in the analgesic effects of CES [36, 39, 40].

Further animal studies report CES effects on hormones
and neurotransmitters [147, 148]. Warner and colleagues
[147] found that serotonin (5-HT) was involved in analgesia
induced by low current transcranial electrostimulation (TE),
10 mu-Amp, 10 Hz, pulsed current via electrodes in the rat
ear, in a tail pressure paradigm. This involves putting pro-
gressively increasing pressure on the rat tail 1/4 in. from the
tip with a pneumatically driven, right angle wedge. The
amount of pressure at which the rat moved its tail was
measured both before and after TE, or sham TE, and
recorded as the difference in tolerated peak pressure
(DTPP). TE produced analgesia as manifested by a 613 %
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increase in DTPP compared with sham TE treatment values.
Among TE-treated rats, pretreatment with pCPA (para-
chlorophenylalanine, a synthetic amino acid which is a
selective, irreversible inhibitor of tryptophan hydroxylase,
a rate-limiting enzyme in biosynthesis of serotonin)
decreased DTPP 91.5 % compared with saline control
values, indicating SHT involvement. SHTP restored TE-
induced analgesia in pCPA-treated rats to the level of saline
treated control animals, confirming SHT involvement.
Warner et al. also reported [148] on anesthetized rats
exposed either to a 10 Hz, 10 muAmp transcranial electrosti-
mulation treatment (TCET) current for 30 min, via
electrodes placed in the ears, or to 0 muAmp sham stimula-
tion. Post-sacrifice, brain levels of several neurotransmitters
and their metabolites were measured in selected
homogenized brain areas by high performance liquid chro-
matography. Levels of norepinephrine (NE) and dopamine
(DA) were significantly higher in the hypothalamic region of
stimulated rats compared to control rats; midbrains of TCET
rats contained significantly elevated levels of DA, MHPG
(3-Methoxy-4-hydroxyphenylglycol, a metabolite of norepi-
nephrine), and SHT and SHIAA (5-Hydroxyindoleacetic
acid, the primary metabolite of serotonin); in the hindbrain
no significant differences were observed. They did not find
any change in serum endorphin levels which they suggest
indicated that TCET-induced opioid activity may be con-
fined to the central nervous system.

A small randomized trial of low-frequency (0.5 Hz)
CES to try to improve the rest/activity pattern of patients
with Alzheimer’s disease did not find an effect of CES on
salivary cortisol [149].

Evidence for Impact on Autonomic Nervous
System

An open trial of CES for hypertensive subjects found an
increase in heart rate variability during treatment with CES,
suggesting changes in sympathetic and parasympathetic tone
[60]. Many studies and consumer anecdotes report relaxation
and meditation-like experiences, post-CES, which are in
keeping with reduced sympathetic tone and increased para-
sympathetic tone [20, 88, 145, 146]. An increase in parasym-
pathetic tone, or a decrease in sympathetic tone, could play a
role in many of the proposed clinical benefits of CES, includ-
ing improvements in insomnia, anxiety, and pain.

Whether or not CES methodologies can be developed to
target specific brain areas, non-focal modulation of endoge-
nous brain activity also may be an effective approach to
depression treatment. ECT is non-focal, and investigators
in Denmark have been conducting human clinical studies
with a technology called T-PEMF [150, 151], a device using
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multichannel low voltage transcranial pulsed electromag-
netic fields generated by seven coils (R/L anterior temporal,
R/L posterior temporal, R/L parietal, and midline occipital)
which has shown efficacy in treatment resistant depression
[151]. Wires in a housing create a magnetic field orders of
magnitude weaker than that generated by TMS; the neural
impact of this stimulation is non-focal, similar to CES.
Results show a statistically significant benefit for patients
with treatment resistant depression treated with T-PEMF
plus antidepressant medication [150, 151].

CES and Alternative Medicine

Since the beginnings of the alternative medicine movement
in the USA in the 1960s, up to the present, some practices
have been mainstreamed, such as acupuncture, meditation,
and healthful dietary patterns, while others, including CES,
have remained marginalized. The reasons for the failure of
CES to enter the mainstream along with acupuncture, yoga,
and meditation are not entirely clear but the relatively lower
number of individuals, and physicians, aware of and using
CES may be a factor. In addition, although we live in an era
of ever-proliferating electronic gadgetry, both medical and
nonmedical, which now extends to new brain stimulating
devices, the decades-old negative reputation of ECT may
have biased many against even much more gentle electrical
devices to directly stimulate the head and brain. This bias
against electrical devices may be receding as new knowl-
edge reaches the alternative medicine community [152] and
the wider public.

Of note, sometimes CES is linked to alternative and
complementary medicine, and sometimes it is not. The
National Center for Complementary and Alternative Medi-
cine (NCCAM) of the National Institutes of Health (NIH)
does not list CES as a therapy on its Web site. Perhaps this is
because it is an FDA sanctioned device, because it does not
fall into existing categories such as interventions derived
from World traditional medicine systems, or is not seen as
a “natural” treatment. The Wikipedia page for CES (http://
en.wikipedia.org/wiki/Cranial _Electrotherapy_Stimulation),
a primary source for many people researching the topic, lists
it under the heading “Alternative medicine /fringe
therapies.”

The association of CES with alternative medicine also
may have contributed to the relative lack of academic
neuropsychiatric research interest over the past 50 years.
CES has had longstanding acceptance within the alternative
medicine community due to interest in therapies perceived
to be gentler, less invasive, and more likely to support the
body’s endogenous systems and properties [153, 154],
including Chi (Xi), the body’s endogenous life force as
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understood in Chinese and other Eastern medical traditions
[155].

Another factor contributing to the popularity of CES in
the alternative medicine community is that it can be pre-
scribed by non-M.D. practitioners, including nurses,
acupuncturists, chiropractors, and psychologists, in contrast
to pharmaceuticals and more invasive devices and
procedures which require prescription by a physician. For
medical professionals, even if CES might be helpful, this
understandably raises the concern that non-physician
practitioners will use CES for more severely ill individuals
who would be better served by pharmaceuticals or more
powerful electric or magnetic interventions.

A related issue is that CES, because of its minimal side
effects, and availability to nonmedical practitioners, often has
been applied to subclinical conditions, which have not been
well characterized, and often fall outside diagnostic categories
of conventional medicine. While this use is mostly not scien-
tifically documented, patient testimonials and other informa-
tion on company and alternative medicine Web sites and
online communities offer evidence of benefit. In addition,
many who are coping with hard-to-diagnose or treat
conditions, such as withdrawal from addictive substances
and fibromyalgia, have turned to CES and other alternative
medicine approaches for symptom relief, for a sense of per-
sonal control, and to avoid side effects of mainstream
treatments [151].

Rehabilitation medicine has long employed both main-
stream and alternative low intensity, high frequency,
alternating current devices for peripheral nerve stimulation,
typically for pain relief, although their efficacy and optimal
stimulation sites and parameters continue to be debated: e.g.,
transcutaneous electrical nerve stimulation at noncranial sites
(TENS); implantation of subcutaneous electrodes or percuta-
neous electrical nerve stimulation (PENS); and electroacu-
puncture, a form of acupuncture in which a weak alternating
electric current is passed between pairs of acupuncture
needles [156]. Both PENS and electroacupuncture have
been applied to sites on the head, which could be considered
a form of CES stimulation as well.. Several trials of electroa-
cupuncture for conditions such as depression are listed on the
Web site Clinicaltrials.gov. Stimulated acupuncture points,
via traditional needling and electroacupuncture, have been
shown to activate diverse brain regions and physiological
pathways detectable by brain imaging [156].

Ultimately, major reasons why CES has failed to garner
mainstream interest comparable to that in tDCS, despite a
century of evidence of therapeutic potential, are circular: the
absence of large scale wellcontrolled clinical trials, system-
atic safety studies, and standardization of parameters of
stimulation [155]; proprietary devices with patented
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frequencies that are not embraced by scientists; the mostly
non-targeted nature of CES treatment and therefore non-
focal brain effects, if any; and unclear mechanism(s) of
action. In addition, because the existing CES devices are
coming to the end of existing patents, there is limited moti-
vation to invest in large-scale randomized clinical trials.

Interest in CES devices now may be increasing, as the
effects of differing electrode configurations and stimulation
parameters are investigated for their varied cranial nerve and
brain stimulating effects, and as a new interest in therapeutic
cranial nerve stimulation develops. Renewed interest in CES
also is being swept along by greatly increased academic
research interest in tDCS, and rTMS, which are subject to
the current more stringent FDA efficacy and safety criteria
for approval, and restricted to use by physicians.

Barriers and Future Directions

It is remarkable that CES has not gained traction in the world
of modern brain stimulation research. This has continued to
puzzle many, given considerable evidence that it may be
therapeutically useful. Another major reason why CES never
gained traction—companies were understandably concerned
to market their “special patented” waveform, but this then
greatly limits the interest of neural scientists. Commercial
CES over many decades has been characterized by changing
waveforms, as different devices were engineered and pat-
ented, therefore any safety and efficacy data applies only to
the characteristics of that device, and to the specific dose
used in a given study using a specific CES device [26, 158].
By comparison, tACS, where the waveforms are simple, i.e.,
constant sinusoidal alternating current and no special pat-
ented waveforms, allows for replication of studies using any
tACS device or paradigm. Laboratory-designed tPCS stimu-
lation similarly could be controlled and studied just as any
other scientifically investigated protocol or device. Put
another way—we cannot establish what CES does or does
not do, until we can control what CES is.

While regulators (FDA) allow any similar low intensity
AC device to call itself CES, to scientists these various
devices are not the same and will have different neural and
clinical impacts [26]. That said, increasingly there are valid
scientific and clinical motivations to systematically study a
range of low intensity electrical devices, and vary a range of
stimulation parameters, using both constant (i.e., tACS) and
pulsed (i.e., tPCS) alternating current stimulation, as well as
DC stimulation (tDCS), and low intensity magnetic devices
such as T-PEMF (Table 11.4).

It remains to be seen whether CES will attain the
degree of scientific and commercial interest which has
been focused on tDCS, which is undergoing continued



J. Mindes et al.

144

pojasie)
SYI-SIALL ®lA
uonouny [Bo1I0d
Q183 1ISIAU]

SaIpNIs [edtuI))

Asdorida
‘uorssaxdop

ur uorjoe

JO swsTuRYOQW
‘skemyped

QAIQU [RUTWIAZLI)
qregnsoAur
SoIpnIs [edIUI[)

SNV @re[npowt
SUOIIR[[I0SO
ureiq snouagopuo

AeNpow—sOV1

(sewoono
ogroads
-901AJP) SAIpNIs
[eOIUI[>—SHD
suornjeorjdde
[OIeasay

‘(snooy)
JUAWIOUBYUD
QADIUS00
‘eruarydoziyos
‘uorssardap
‘Kyarxue ¢

[v10C
ut S ul s[qeqieae
9q Aewr A1ejo)]

(3910
{, uorssardap
Qyoepeay sureISiwu

‘sazios ondorrde
:oppup) ‘N

- dSdd
{, e13eAwoiqy

ured ‘eruwosur
‘uorssardop ‘Kjorxue
pauonouns V(g4
suonjeordde [eorur)

[eInau—apoyle)

uorjezirejodiadAy
[eInou—apouy

UOIIR[NWINS [BTUBIOSURL],
(SNA) uone[nuis dAIU
SnSeA [IIM SWSTUBYOSW
‘skemyied uowrwod
areys Aew SN2

sKemyed juoroyye
[8911100QNS ISIIAIP
‘QAIoU [RUTIASLY

Jjo uonenuwns pajeadar
J0 10930 Surxe[ar
oureISiw 1o SN2

uoneniut

QINZIAS Ul PIAJOAUL YlOq
‘(SLN) $nLi1j08 Snov.4j
snaponu (D) SN0
$100] "M SUOTIOUUOD
QAISUQIXD :UoHR[NUWINS
QAIQU ([euTWagIN)
[BIURIO {pOOISISpUN
[[oM 10U WSTUBYOIW
:Asdoqida 103 NI
WQJSAS SNOAIU
onayredwAsered
Jrengaxdn

(serouanbary

[BI9ADS) 9ZIUOIYOUASIP
‘(Kouanbaiy aoueuosal
9[3UuIs) 9ZIUOIYOUAS
syl YT urerq
Snoua3opud Urenud
‘Seale [BI11109gNS
‘snwefey) Je[nuwns

UONR[NWIS JAISU
[eIURIO ‘UonR[NINS
[eruRIOSURI],

uornoe Jjo

swistueyoow pasodoid

VIN

(SN.I2 yoreuoly
BWSIISOINAN))

ZH 01

(ATeyD) zH 09

ZH 000°S1-S°0
Kouonbai

210§3q 4 8¢ B
0T Apmg

yu?g
Xew—yu >

Kep/y ¢ ‘¢l ‘8
H(SNLL? Yo-1DUO)
PAY/S NSQN.N

Kep/.0C
‘Kep/x | :(£1pfoD)
PAY/S NSQN.N

(€pfoD) yui 91

Kep/,,09-0C ‘Aep

/X T—T :(821A9p

pajuajed snotrea)
asn auwogy

YW 9[—¢0
uone[nuIs
Jo uoneIng

K)IsuoyuI JUALIND

Bosneu
‘Suryor
‘ayoepeay
‘suinq dyeos
[eUOISEI20)

(dpoxa9[d
Iopun
UONBILLIT
“Suryon
‘Quoepedy)
SJUQAD
JSIDApE
‘$1091J9

9PIS JeWIUIA

(s3T|
Surayory
“Suryon
‘Quoepedy)
SIUQAD
JSI9ApE
‘$1091J9

9PIS JeUWIUIA
Jryoxd A195eS

od

1PO11122]7]

pasind
ov

1PO11122]]

[eprosnuis
10 9ABM
arenbs pasing

)4

PO1122]]
adA£y yuarm)

90IN0S
jlicinig)

adKy
uone[NWnNg

pue] 1saxoyur
Jo uor3ar

Je 9poyjed
‘opouy

C

Aqreiqioeidns
peaya1og

clo]

19130 ‘sopduwrey
‘sassaooxd
projsewt
‘saqorrey

yI0°€°T
SIS
uone[nWNS

SOpOIO3[d
Jo JequinN

(uonemuIng juaLINy)
JOQII(] [BIURIOSURI])
(Teyuowtradx9) SO

(uonenumg
QAJON TeurwagIiy,
TeUIdXd) SNLLR

(uonenumg
juorm)) SuNeuIY
[eTueIOSURT)
{uope[MWNS JUALIND)
pas[ng [elueIosueI))
SOV :SOd!

(uonenung
[eaLno9ryg

[eTURID) SHD
Q0IAQp UOTR[NWINS

JNAD ‘SO ‘SNILA “(SOV? {<SDd?) SHD :S901A9p Sune[nwins urelq onousew pue [edLo9[d AJsuojul-mof jo uostedwo) ¢°LL a|qeL



11 Cranial Electrical Stimulation 145

technical development with an aim to target specific brain
areas more effectively [134]. The ability to localize tDCS
stimulation has made it more attractive to researchers. The
degree to which transcranial CES/external and cranial nerve
stimulation can have well-documented localized and thera-
peutically focal effects within the brain remains to be deter-
mined, as does the potential usefulness of deliberately using
more generalized stimulation for therapeutic ends.

As of October 2013, searching Pubmed.org for “direct
and current and stimulation and treatment and human and
brain” yields 637 references, one quarter of them published
in 2012-2013. Substituting “alternating” for “direct” yields
only 40 references, 11 of them published in 2012-2013,
although this particular search does not capture all CES
papers in part due to the highly variable nomenclature for
AC devices. Among the numerous publications for tDCS are
several reporting positive results of double-blind
randomized sham-controlled trials for depression [159],
Parkinson’s disease [160], epilepsy [161], memory function
[162], and addiction [163]. Additional open label evidence
exists for pain and fibromyalgia [164].

Although bioengineering modeling studies indicate that
electrode placement can affect how CES impacts the brain
with respect to which cortical and subcortical areas are
stimulated, with what intensity and magnitude [15, 23,
165], it remains to be determined whether different electrode
placements actually yield different clinical effects. In
Fig. 11.3 above, schematic images depict one conventional
CES electrode placement and several novel ones. Placement
of CES electrodes bilaterally in the ear canal yielded, as one
might expect, enhanced transcranial stimulation [15]. Even
if CES stimulation has less potential for localization com-
pared to tDCS, synchronization of brain oscillatory currents
by CES may have unique therapeutic effects, such as ability
to beneficially modulate aberrant CNS activity patterns, and
enhanced anti-inflammatory and autonomic action. Much
work needs to be done to identify any such generalizing
neural and physiological effects of CES.

Despite remaining barriers, the future of minimally
invasive, low intensity electric therapeutics looks bright.
Bioelectronics is a rapidly developing collaboration among
engineers, computer scientists, and biomedical scientists.
Proponents envision more rapid development of new and
potentially more effective electrical and magnetic thera-
peutics [86]. Medical treatment of the future increasingly
may include what some now are calling electroceuticals,
disease-specific low intensity electrical therapeutics
designed as an alternative to pharmaceuticals ([86, 166].
The proliferation of neuromodulating devices may
increase, not decrease, as some classes of devices become
sub-specialized for specific therapeutic tasks and targets.
CES devices recently developed (Cefaly®, Neuro Sigma
Monarch eTNS™) to stimulate cranial afferents for relief
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of specific ills (migraine; epilepsy and depression, respec-
tively) are an example. Modulating cranial nerves for nar-
row therapeutic purposes has been called the “low-hanging
fruit” of the next generation of brain stimulation [86]).

Conclusion

In summary, CES variants and other low intensity brain
stimulation technologies such as tDCS, tVNS and T-
PEMF, may hold significant promise for the treatment
of neuropsychiatric disorders. Given the proliferation of
these devices, and unclear mechanisms of action, much
work lies ahead to establish possible therapeutic
rationales and roles for each of them in mainstream psy-
chiatry, neurology, and rehabilitation medicine. Experi-
mental and modeling studies are providing new insights
into putative mechanism(s) of action of CES, which
should shed light on pathophysiology of target conditions
and at the same time help to refine CES device designs
and treatment protocols. Rapidly growing interest, indus-
try funding [167] and academic scientific involvement in
investigating the so-called electroceuticals [86, 152]
should hasten the emergence of better science and new
understanding of the multiple ways therapeutic electricity
can be used to modulate brain function [15, 23, 26].

If efficacy is established, CES could be an attractive
primary or augmentation treatment for psychiatric and
neurological conditions, with potentially fewer side
effects than medications, and potentially lower cost than
medications and more invasive forms of brain stimulation
(ECT, TMS, VNS), and psychotherapy. CES devices are
inexpensive and can be used in the home, making this
treatment approach relatively affordable and convenient.
Because of low side effect burden and expense, CES may
be very useful when it would be preferable to avoid use of
medications, such as in the elderly, in individuals with
substance abuse disorders, and for pregnant and nursing
women. In addition to a possible role in treating diagnosed
neuropsychiatric conditions, CES also may be useful for
less disabling degrees of anxiety, depression, and insom-
nia, to help prevent clinical levels of illness from develop-
ing in the first place, and to help maintain remission. These
potential therapeutic uses have not yet been studied.

In conclusion, a great deal more research on CES—
mechanistic studies, well-powered, rigorously designed
clinical trials, and studying updated technologies — is very
much needed. All accumulated evidence to date would
suggest it is very warranted.
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