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a b s t r a c t

Background: Temporomandibular disorders (TMD) have a high prevalence and in many patients pain and
masticatory dysfunction persist despite a range of treatments. Non-invasive brain neuromodulatory
methods, namely transcranial direct current stimulation (tDCS), can provide relatively long-lasting pain
relief in chronic pain patients.
Objective: To define the neuromodulatory effect of five daily 2x2 motor cortex high-definition tDCS
(HD-tDCS) sessions on clinical pain and motor measures in chronic TMD patients. It is predicted that M1
HD-tDCS will selectively modulate clinical measures, by showing greater analgesic after-effects
compared to placebo, and active treatment will increase pain free jaw movement more than placebo.
Methods: Twenty-four females with chronic myofascial TMD pain underwent five daily, 20-min sessions
of active or sham 2 milliamps (mA) HD-tDCS. Measurable outcomes included pain-free mouth opening,
visual analog scale (VAS), sectional sensory-discriminative pain measures tracked by a mobile applica-
tion, short form of the McGill Pain Questionnaire, and the Positive and Negative Affect Schedule. Follow-
up occurred at one-week and four-weeks post-treatment.
Results: There were significant improvements for clinical pain and motor measurements in the active
HD-tDCS group compared to the placebo group for: responders with pain relief above 50% in the VAS at
four-week follow-up (P ¼ 0.04); pain-free mouth opening at one-week follow-up (P < 0.01); and
sectional pain area, intensity and their sum measures contralateral to putative M1 stimulation during the
treatment week (P < 0.01). No changes in emotional values were shown between groups.
Conclusion: Putative M1 stimulation by HD-tDCS selectively improved meaningful clinical sensory-
discriminative pain and motor measures during stimulation, and up to four-weeks post-treatment in
chronic myofascial TMD pain patients.

� 2015 Elsevier Inc. All rights reserved.
Introduction

Temporomandibular disorders (TMD) have a relatively high
prevalence [1] and in many patients pain and masticatory
dysfunction persist despite a range of treatments [2]. Chronic pain
can be caused by an untreated peripheral insult, by sensitization of
es Department, University of
Room 1014A, Ann Arbor, MI
763 3453.
the central nervous system, or both [3]. As such, resolving pain in a
patient with long-standing symptoms might involve addressing
both the peripheral source of the pain and the central nervous sys-
tem changes that facilitate or augment nociceptive signals along the
affected pathway. Several studies with motor cortex stimulation
(MCS) have shown that epidural electrodes in the primary motor
cortex (M1) are effective in providing analgesia in patients with
refractory central pain [4e6]. Evidently, the invasive nature of such a
procedure limits its indication to highly severe chronic pain disor-
ders. However, among themethods of central neurostimulation, two
of them, repetitive transcranial magnetic stimulation (TMS) and
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transcranial direct current stimulation (tDCS), are appealing as they
can change brain activity in a non-invasive and safe way. There is a
growing body of scientific evidence that both methods can provide
relatively lasting pain relief in chronic trigeminal pain patients
[7e9], and even modulate and activate the m-opioid system [10,11].
The advantages of tDCS are small portable size and relatively low
cost; nevertheless, the electric fields generated by conventional
tDCS analgesic montages are widely distributed across the brain,
lacking specificity on the pain-related structures directly targeted.
Recently, a novel high-definition tDCS (HD-tDCS�) approach was
able to more precisely target the cortical areas of interest [12]. Our
group further optimized the HD-tDCS montage for non-invasive
putative M1 modulation following neurological (e.g., homunculus)
and technical (e.g., direction of the current) MCS principles for
effectual analgesia.

Given the persistent sensory and motor clinical dysfunction
reported in chronic TMD patients, and the opportunity for non-
surgical modulation of cortical function, this study aims to define
the effect of five daily putative M1 HD-tDCS sessions on chronic
pain measures in myofascial TMD, specifically general and sectional
sensory-discriminative pain measurements (e.g., pain area and
intensity), and evaluate its impact on pain-free jaw mobility. It is
predicted that M1 HD-tDCS will selectively modulate clinical
measures, by showing greater analgesic after-effects compared to
placebo, and active treatment will increase pain free jawmovement
more than placebo.

Materials and methods

This was a randomized, placebo-controlled, single-blind,
parallel-group study conducted in a research-only outpatient
hospital setting. Participants were enrolled SeptembereNovember
2013 and data was collected September 2013eJanuary 2014.

Participants

Subjects with chronic myofascial TMD pain were recruited
using flyers, the patient-clinical study matching service (www.
umclinicalstudies.org), and by referral from the TMD and Orofa-
cial Pain Clinic at the University of Michigan. This was followed by a
TMD physical exam performed by an orthodontic resident, trained
and supervised by an orofacial pain specialist, according to the
Research Diagnostic Criteria for Temporomandibular Disorders
(RDC/TMD). We used the following inclusion criteria: A) between
the ages of 18e65; B) daily chronic TMD pain and dysfunction for at
least one year matching RDC/TMD Axis I Group I: Myofascial pain
diagnosis [13] not adequately controlled by previous conventional
therapies (TMJ open-surgery naïve) for more than 1 year; C) with
self-reported pain score of at least 3 on a 0e10 scale in spite of
existing treatment in the two weeks preceding the onset of the
study; D) subjects that were taking stable doses of medications for
at least 4 weeks, and willing to limit the introduction of new
medications for chronic TMD symptoms during the study. Exclusion
criteria: A) if pain was NOT primarily due to masticatory myofascial
TMD; B) history or current evidence of neurological disorder (e.g.
epilepsy, major depression, stroke, neuropathy, neuropathic pain);
C) pregnant or expecting to become pregnant during the study.

The University of Michigan Institutional Review Board approved
the study (HUM00070766), and written informed consent was
obtained from all participants.

Temporomandibular disorder diagnosis and pain assessment

TMD pain was measured using the visual analog scale (VAS),
short form of theMcGill Pain Questionnaire (SF-MPQ), and PainTrek.
The VAS allows the patient to self-rate his or her pain on a 0e10
horizontal grading scale and is widely used in studies measuring
pain outcomes. It has been shown to be both a valid and repro-
ducible pain measure [14]. Any patient with a VAS decrease of 50%
or greater from week one to week six was considered a responder,
as defined by previous tDCS pain studies [15e17]. The SF-MPQ is a
valid pain measure that allows subjects to describe their sensory
and affective pain experiences using 15 adjectives [18]. PainTrek
is an in-house and free mobile application developed by the
Headache and Orofacial Pain Effort (H.O.P.E.) at the University of
Michigan. PainTrek provides a 3-D head and facial map based on a
squared grid systemwith vertical and horizontal coordinates using
anatomical landmarks. Each quadrangle, measuring approximately
1.6 cm� 1.6 cm, frames well-detailed craniofacial and cervical areas
for the patient to express his or her exact global and sectional pain
location and intensity, as well as associated signs and symptoms.

Using the application on an iPad� (Apple Inc., Cupertino),
participants drew their pain in one of three shades of red on the
touch sensitive screen: pink shade (mild pain), red shade (moderate
pain), and dark red shade (severe pain), see Fig. 1. The pain drawing
was quantified by scoring each of the 220 cells on a 0e3 point scale:
0 e no pain, 1 emild pain, 2 emoderate pain, and 3 e severe pain.
From these values, three pain measures were generated from the
PainTrek drawing. Average pain was the average score of all cells
that are marked as painful, with a scale of 1e3. Pain area was the
percent of the area of the head and neck that was experiencing pain,
with a scale of 0e100% of all cells. At last, Pain Area and Intensity
Number Summation (P.A.I.N.S.) was the cumulative score for the
220 cells, with a scale of 0e660 (equal to 220 � 3 for maximum
severe pain). For the three pain measures, the analysis was per-
formed for the entire head and neck area, or unilaterally, to
understand how sensory-discriminative pain measures changed
ipsilateral or contralateral to the putative M1 stimulation.

The Positive and Negative Affect Schedule (PANAS), a reliable
and valid affect measure, was used to assess if mood was a co-factor
in pain experience [19].

General study design

Participants were initially screened by phone. After clinical
exam and diagnosis of RDC/TMD Axis I Group: myofascial pain,
participants were randomized to the treatment or placebo group
using the Taves covariate adaptive randomization method. Using
this method, a new participant was sequentially assigned to a group
based upon the previous assignments of other participants
and certain covariates [20]. The first eight participants were ran-
domized by coin flip and the remaining participants were ran-
domized by age and gender, following the Taves covariate adaptive
randomization protocol.

Once assigned to the active or shamHD-tDCS group, participants
presented during week one for a baseline visit. At this visit VAS,
PANAS, SF-MPQ and PainTrek data were collected and a TMD exam
was performed.

HD-tDCS: neuromodulation protocol

During week two, subjects participated in five-daily sessions of
either active or sham HD-tDCS. A modified 2x2 HD-tDCS montage
was developed and used, with four electrodes arranged at the
corners of a 4 cm� 4 cm square centered over the caudal portion of
the putative M1 (Fig. 2), where the homuncular head and facial
region is represented.

The putative M1 stimulation area (Brodmann area 4) was esti-
mated using the International Electroencephalography (EEG) 1020
system, with the upper anode placed on C3 and lower anode on C5,

http://www.umclinicalstudies.org
http://www.umclinicalstudies.org


Figure 1. Example of a pain drawing in PainTrek. In this example, the pain is depicted as severe immediately anterior to the patient’s right ear, moderate along the right zygoma and
ramus of the mandible, and mild in the area of mandibular angle. All gray areas have no pain.
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and the upper and lower cathodes placed anteriorly on FC3 and FC5,
respectively. The computational model is shown in Fig. 2 corrobo-
rated that our HD-tDCS montage produced maximum (postero-
anterior) current flow on the putative M1 head and facial in the
precentral gyrus region, immediately anterior to the central sulcus,
and at the level of the inferior frontal sulcus [21]. An individualized
finite element (FE) head model [22] was from a 1 mm3 resolution
MRI scan of a neurologically normal adult male. Using a combina-
tion of tools (SPM8, Wellcome Trust Centre for Neuroimaging,
London, UK; Simpleware Ltd, Exeter, UK), the HD-tDCS electrodes
were modeled as computer-aided design (CAD) files and incorpo-
rated into the model. The FE mesh produced from the segmented
tissue compartments and the electrodes was imported into
COMSOL Multiphysics 4.3 (Burlington, MA) for computation of



Figure 2. Brain modulation using 2�2 HD-tDCS Montage. A. 3D rendered head built from the MRI derived segmentation masks used in the study. Anode electrodes (red) were
placed over C3 and C5 and Cathode electrodes were placed over FC3 and FC5. B. Skin, skull, and CSF masks are suppressed to reveal the underlying gray matter mask. C. Induced
cortical surface electric-field directional plot for 2 mA stimulation. Red denotes inward (anodal) stimulation while blue denotes outward (cathodal) stimulation. D. Induced cortical
surface electric-field magnitude plot for 2 mA stimulation.
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electric fields [23]. The standard Laplace equation with purely
conductive properties was solved [24] and the following isotropic
electrical conductivities were assigned (S/m): skin: 0.465, skull:
0.01, CSF: 1.65, gray matter: 0.276, white matter: 0.126, air: 10�15,
conductive gel: 1.4, electrode: 5.99 � 107. Current density corre-
sponding to 1mAwas applied to both anodes and ground applied to
the two cathodes. The entire model workflow preserved precision
beginning from the 1 mm3 resolution MRI to the induced cortical
electric field maps in our 2�2 HD-tDCS montage [25].

During the HD-tDCS sessions, the patient’s vertex was found by
measuring the midpoint between nasion and inion and the
midpoint between the pre-auricular areas. The midpoint from
the vertex to the pre-auricular point on the side contralateral to the
patient’s worst pain was marked so that stimulation could be
applied to the same spot each day. A perforated cloth cap with a
chinstrap was then placed on the head to secure plastic casings in
the desired position for each of the four electrodes, as described in
the details above. Approximately 3mL of Lectron II Conductivity Gel
was injected into the electrode casings. Ag/AgCl sintered ring
electrodes with the rough surface directed towards the skin were
placed into the gel and held in place with plastic caps. For active
HD-tDCS subjects, 2 mA of transcranial direct current stimulation
was applied for 20 min. For sham-controlled HD-tDCS sessions, the
same montage was used; however, the current was only applied for
30 s at the beginning and end of the session, as sensations arising
from HD-tDCS treatment most frequently occur at the beginning
and end of application [26]. Before and after each HD-tDCS session
VAS, SF-MPQ, PANAS, and PainTrek data were collected.

Follow-up appointments were scheduled one-week and one-
month after the HD-tDCS sessions, consistent with previous
HD-tDCS pain studies [15,27e32]. At these appointments, the
RDC/TMD Axis I exam, VAS, SF-MPQ, PANAS, and PainTrek were
completed.
Statistical methods

The effect of treatment group on pain was analyzed using linear
mixed regression models for two separate timeframes of analysis.
The session effect of treatments was analyzed using pre- and
post-treatment pain assessments during the 5 days of protocol
treatment. The cumulative effect of treatment was explored using
a separate model of pain scores from baseline, post-treatment,
one-week follow-up and one-month follow-up pain assessments.
Models for each time frame e treatment and study e were
performed for all pain measures resulting in 8 total models for
analysis. In addition, PainTrek was analyzed in 4 supplementary
models treating ipsilateral and contralateral pain as distinct out-
comes. P-values are reported from a two-sided t-test performed
within the linear mixed regression model framework. Each pain
measure was treated as a continuous independent variable for
modeling. In the linear regression models, individuals were
assigned a compound symmetry covariance structure for within
subject correlation across repeated measures of the same pain
index and a random effect for individual differences at baseline was
employed. The distribution of each pain measure was explored
graphically but no transformations were performed prior to
modeling. VAS and PainTrek response rates, defined as >50%
response, were also tested across treatment using one-sided Fisher
Exact tests. All statistical analysis was performed using the SAS�

system Version 9.2 (SAS Institute Inc., Cary, NC).

Results

Seventy-eight patients were screened for this study, and of
those, 24 (30.8%) met the inclusion criteria, were enrolled, and
completed the study (Supplementary Fig. 1). The patients were
randomized, with 12 per group; all were female, thoughmales were
eligible to participate and were screened. Demographic informa-
tion, TMD diagnoses, and baseline pain values are presented in
Supplementary Table 1. All patients had an RDC/TMD Axis I Group I
diagnosis of myofascial pain, and 10 in the active and 8 in the sham
group had concurrent limited opening. Demographics and baseline
values for VAS and pain free opening were comparable between
groups. PainTrek pain area, intensity, and their sum values varied
more at baseline, with P-values approaching significance.

TMD outcomes

General visual analog scale and McGill pain measures
General TMD pain relief was measured using VAS at baseline,

before and after each HD-tDCS session, and at both follow-ups.
Throughout the study more participants in the active HD-tDCS
group compared to controls (X2 ¼ 4.20; P ¼ 0.04) experienced
pain relief, as defined by VAS decrease of 50% or greater fromweek
one (baseline) to week 6, with nine high responders in the active
group compared to four in the sham group (Table 1). The results of a
one-sided Fisher’s exact test yielded a similar P-value (P ¼ 0.0498).
When “response”was defined as amoderate VAS decrease of 30% or
more, we saw evidence of a trend for a better response rate in the
active group after week six (X2 ¼ 3.56; P ¼ 0.059), and a Fisher’s



Table 1
VAS responders, defined by a decrease in VAS by 50% or greater from baseline to the
one-month follow-up.

VAS 50% responders from Week 1 to Week 6

Group Active Sham Total

<50% VAS decrease 3 8 11
�50% VAS decrease 9 4 13
Total 12 12 24
Chi-square X2 ¼ 4.1958 P ¼ 0.04
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Exact test yielded a similar result (P ¼ 0.08). There was no signifi-
cant difference between groups in number of responders above 30%
or 50% before week six.

We also examined total descriptor values from the SF-MPQacross
time points in the study, in addition to pre vs post-treatmentwithin-
day effect, but neither one was significantly affected by treatment
group. Total descriptor values decreased for both groups fromweek
one to week two (P < 0.0001) and thereafter remained lower than
baseline scores. No significant differences were found between
treatment groups for this effect (P ¼ 0.16).

Sectional sensory-discriminative pain measures across the head and
face

Three sectional clinical pain measures were generated from the
PainTrek tool: pain area, average pain intensity, and their number
sum. These dependent variables were analyzed bilaterally, taking
into account the pain experience on both sides across the head and
face, as well as unilaterally, analyzing separately the pain mea-
sures contralateral or ipsilateral to the side of HD-tDCS applica-
tion. Patients received stimulation on the side of the head
contralateral to their worst TMD pain. These pain measures were
analyzed for a time effect, a group effect, and time*group inter-
action throughout the study, and for a time effect, group effect,
pre-post HD-tDCS effect, and prepost*group interaction during
the HD-tDCS sessions (Table 2). In the short term, there was evi-
dence that during week two active HD-tDCS, compared to sham,
Table 2
Analysis of PainTrek pain measures: pain sum, average pain, and pain area. Separate
analyses were performed accounting for pain bilaterally on the head and neck and
unilaterally on the side contralateral or ipsilateral to tDCS stimulation. The time
frame “Study” refers to pain measures at weeks 1, 3, and 6, while “Treatment” refers
to pain measures before and after (PrePost) the tDCS sessions during week 2.

Location Time frame Effect Pain sum Ave pain Pain area

Bilateral Study Week 0.0042 <0.0001 0.0027
Group 0.0851 0.9845 0.1057
Week*Group 0.3450 0.6252 0.3403

Treatment Day 0.0071 <0.0001 0.0052
Group 0.1186 0.4078 0.0977
PrePost 0.2945 0.0084 0.2237
PrePost*Group 0.6300 0.1176 0.3567

Ipsilateral Study Week 0.0132 <0.0001 0.0095
Group 0.1170 0.6522 0.1623
Week*Group 0.3136 0.8908 0.2470

Treatment Day 0.1713 0.0013 0.0139
Group 0.2058 0.6991 0.1932
PrePost 0.2871 0.7001 0.4564
PrePost*Group 0.2107 0.9903 0.3297

Contralateral Study Week 0.0083 <0.0001 0.0045
Group 0.0735 0.9820 0.0758
Week*Group 0.3852 0.0924 0.4903

Treatment Day 0.0005 <0.0001 0.0057
Group 0.0747 0.4471 0.0553
PrePost 0.0007 <0.0001 0.0035
PrePost*Group 0.0118 0.0012 0.0088

*P-value is for Type 3 test of fixed effect from linear mixed model for particular time
frame (over study or over treatment) of particular dependent variable.
was effective in immediately reducing pain area (P ¼ 0.008), in-
tensity (P¼ 0.0012), and their number sum (P.A.I.N.S.: P¼ 0.01) for
pre-post PainTrek measurements of the contralateral side to the
stimulation (Fig. 3). Over the long-term, contralateral change from
baseline to week six was not significant across treatment groups
(P ¼ 0.3852). As expected, no significant analgesic effects were
noticed in pain measures ipsilateral to the stimulation at any time
point (Table 2).

RDC/TMD pain free mouth opening
During the RDC/TMD exam, pain free mouth opening was

measured (Table 3). Pain free opening significantly increased in the
active group from week one to week three and then plateaued at
healthy, functional opening values. Sham group patients did not
experience such a drastic initial increase, indicating active group
patients achieved greater pain free opening faster than the sham
Figure 3. PainTrek summary. Colors represent change in pain from baseline to one-
month follow-up on the side of head contralateral to stimulation for each patient.



Table 3
RDC/TMD pain free mouth opening, measured during weeks 1, 3, and 6.

RDC/TMD pain free opening (SD), mm

Group Active Sham Group effect, P

Week
1 28.7 (9.6) 30.0 (12.3) 0.77
3 40.1 (8.8) 32.5 (10.5) <0.01
6 39.8 (8.9) 36.8 (9.3) 0.24

Week effect, P <0.01 <0.01 Week � Group, P ¼ 0.02
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group patients. The results of a linear mixed model support this
graphical observation. There was a significant difference in the
change in pain-free opening from weeks one to three between
groups (P < 0.01), but not at week six.

Positive And Negative Affect Scale (PANAS)
Mood, as measured by PANAS, changed during the course of the

study, but there were no significant differences between treatment
groups. In most cases, Positive Affect Score decreased for patients in
both groups from week one to week two and remained below
baseline level thereafter. Negative Affect scores tended to stay
around baseline levels throughout the study in both groups.

HD-TDCS side effects
Therewas a low rate of adverse events during the trial, and those

that did occur were mild. Following each HD-tDCS session patients
completed a side effects questionnaire rating each of 10 parameters
on a 0e3 scale, representing side effect absent, mild, moderate, or
severe. They varied from headache to scalp burn (sensation). No
skin lesions were observed under or neighboring the areas of
stimulation by the investigators. The rate of each side effect
occurring at least once per patient is presented in Table 4. During
any given appointment, patients in the active group experienced
3.33 side effects per session while patients in the sham group
experienced 3.32 side effects per session (out of 10 possible).

Discussion

This study assessed the neuromodulatory effect of repetitive
2�2 M1 HD-tDCS on pain and motor dysfunction in patients with
chronic myofascial TMD pain diagnosis. We have noticed very
selective improvements for clinical measurements in the active
HD-tDCS group, with more TMD patient “responders” to treatment
above 50% pain relief at one-month follow-up, pain-free mouth
opening at one-week follow-up, and pain area and intensity pain
measures contralateral to the cortical stimulation during the
treatment week. No changes in emotional values were noted with
PANAS following treatment at any time point.
Table 4
Rate of side effect occurring at least once per patient during the study.

Rate of side effect occurring at least once per patient

Group Active Sham

Side effect
Headache 50.0% 43.3%
Neck pain 35.0% 31.7%
Scalp pain 45.0% 45.0%
Scalp burn (sensation) 43.3% 30.0%
Tingling 56.7% 60.0%
Skin redness 16.7% 3.3%
Sleepiness 60.0% 61.7%
Trouble concentrating 18.3% 31.7%
Mood change 6.7% 18.3%
Other 1.7% 6.7%
Central mechanisms associated with somatotopic analgesia

Direct M1 stimulation elicits contralateral somatotopic analgesia
by inhibiting thalamic sensory neurons and disinhibiting the neu-
rons in the PAG, an area rich in m-opioid receptors [33]. In fact,
a recent PET study from our group using C11 carfentanil, a selective
m-opioid radiotracer, showed that conventional M1-SO tDCS
induces immediate m-opioid activation in the PAG in humans [11].
Reciprocal connections from M1 to the primary somatosensory
cortex (S1) could also contribute to topographical analgesic
descending mechanisms for the precise modulation of facial
sensory-discriminative and motor clinical measures in our active
HD-tDCS group. However, as demonstrated in the computational
model of current distribution, our montage mostly targeted the
putative M1 head and facial homuncular region, not S1, with peak
of intensity in the lower precentral gyrus at the level of the inferior
frontal sulcus. Furthermore, the centered location of M1 between
the anodes and cathodes facilitated the postero-anterior stimula-
tion of the precentral gyrus’ superficial fibers, tangential to the
surface. These parameters of current distribution in M1 are sought
by other non-invasive and invasive neuromodulatory techniques
to produce optimal pain relief, including transcranial magnetic
stimulation (TMS) and MCS, respectively [34].

Sensory-discriminative pain modulation with M1 HD-tDCS

The specific clinical analgesia noticed during the first week
of HD-tDCS stimulation was highly selective and sectional. This
suggests that measuring pain area, intensity, and their sum with
PainTrek provided information that VAS alone does not, and can be
a useful tool to more objectively assess suffering based on specific
sensory-discriminative neuromechanisms. Nonetheless, general
analgesic effects measured by VAS built up with time, reaching
significance at the one-month follow-up, when responders to
treatment had higher than 50% pain relief. As reported by other
studies, clinical tDCS effects are cumulative and develop slowly,
possibly due to resilient neuroplastic changes related to the chronic
ascending pain inputs to the brain. The long-term general pain
relief in our study probably incorporated other therapeutic per-
ceptions by the TMD patients in the active group indirectly asso-
ciated with cortical functions beyond the unilateral M1modulation.
For instance, M1 stimulation can induce either excitatory or
inhibitory effects on M1 in the opposite cortical side, and several
functional connectivity studies show that it can remotely influence
other (sub)cortical regions with varied functions, such as cognitive-
emotional (e.g., DLPFC). However, those indirect therapeutic effects
seem to be subtle as they failed to show significance separately for
the active HD-tDCS group in our study, at least in the sectional
ipsilateral pain relief (PainTrek), McGill pain questionnaire values,
and mood changes as measured by PANAS.

Placebo effect with HD-tDCS

As expected, sham HD-tDCS had a positive time effect in several
clinical measurements. Pain-free opening significantly improved to
healthy functional values in the active group from week one to
week three compared to sham group, but not in week six when the
sham group also ameliorated to similar levels. Recent studies show
that placebo can activate part of the m-opioid and dopaminergic
mechanisms in the brain induced by M1 stimulation [35]. As it
relates to TMD, placebo groups consistently perform in line with
active treatment groups, and outperform no-treatment groups in
TMD pain studies. A review of the placebo effect in TMD studies
found that one-third of patients in blinded placebo groups had
considerable or complete pain relief, and in studies where the
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placebo was augmented bywriting prescriptions, patient education
by the doctor, or elaborate treatment procedures the analgesic
effect was seen in nearly two-thirds of placebo patients [36]. The
sham group in this TMD HD-tDCS study was blinded, and the pla-
cebo was augmented by 8 h of appointments in a six-week time
frame and an elaborate treatment procedure. Of the patients in
the sham group, by week six of the study six of the 12 had no
RDC-TMD Group I diagnosis, four had a VAS less than one, and five
had a PainTrek pain sum score of two or less. As such, approximately
one-third to one-half the placebo patients in this study experienced
some kind of pain relief, which is in line with the published rate of
placebo effect [36].

Side effects

The overall rate of side effects in the active group was 33.3%, or
200 reported adverse events of a possible 600. In a systematic
review, the most common side effects of tDCS, reported here with
corresponding rates of occurrence in active groups, were itching
(39.3%), tingling (22.2%), headache (14.8%), discomfort (10.4%), and
burning sensation (8.7%) [37]. The rates of occurrence for similar
side effects measured in the active group of our current study were
tingling (56.7%), headache (50.0%), scalp pain (45.0%), and a burning
sensation (43.3%). This study had a 0.8% occurrence rate of severe
side effects in the active group on a 0e3 rating scale, compared to a
2.5% rate of severe side effects on a 1e5 rating scale in the largest
published tDCS side effects survey [38]. Therefore, while the overall
rate of side effects for this study was slightly higher than reported
by the systematic review, the rate of severe side effects was lower
than previously published.

2�2 M1 HD-tDCS montage: caveats and lessons for protocol
improvement

A recent Cochrane Review concluded that tDCS was not effective
for treating chronic pain [39], however of the 14 studies included in
the review only one used the high-definition montage. The 2�2 M1
HD-tDCS montage used in this study was a novel 2�2 electrode
design. Two anode electrodes were placed posterior to the motor
cortex and two cathode electrodes were placed anterior to the
motor cortex, at the corners of a 4 � 4 cm square. The objective was
to focally target M1, on a postero-anterior direction, however, with
decreasing area of stimulation the margin for error for electrode
placement becomes smaller. In fact, due to variations in skull and
brain anatomy, localizing the M1 using the EEG 10e20 system is
only accurate to within 21 mm [40]. Thus, a small error in landmark
identification or any shift in electrode placement by the operator or
patient could cause the area of peak current flow to miss the motor
cortex. It has been shown using implants and tDCS that stimulation
of the motor cortex can effectively treat chronic pain, but if stim-
ulation is directed to an area adjacent to the motor cortex the effect
on pain is less certain. In the context of this study, it is possible that
between participants and between days a combination of ideal,
marginal, and absent current flow to the motor cortex was deliv-
ered based upon accuracy of electrode placement and variations in
individual anatomy. For future studies, the stimulation target could
be confirmed by using TMS and/or image-guided navigation to help
non-invasively identify the location of the motor cortex.

Conclusion

Stimulation using the 2�2 M1 HD-tDCS montage was effective
for improving short-term, highly selective sensory-discriminative
and motor clinical TMD measures compared to sham group. It
also induced meaningful long-term general pain relief, defined as
VAS decrease of 50% or more fromweek one to week six. While not
definitive, non-invasive stimulation of the motor cortex using
the novel 2�2 HD-tDCS montage demonstrated to be a reliable
research tool to somatotopically modulate clinical pain and motor
dysfunction related to TMD, and could potentially be used in
the future as a less empirical therapeutic option for chronic pain
conditions in the head and facial region, such as migraine. Our M1
montage could also be adapted for other pain conditions associated
with neighboring homuncular regions. Nevertheless, additional
studies should be performed to better understand the longer-term
clinical effects and neuromechanisms associated with M1 HD-tDCS
analgesia.
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