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Abstract: Despite promising preliminary results in treating fibromyalgia (FM) pain, no neuromodu-

lation technique has been adopted in clinical practice because of limited efficacy, low response rate,

or poor tolerability. This phase II open-label trial aims to define a methodology for a clinically effec-

tive treatment of pain in FM by establishing treatment protocols and screening procedures to maxi-

mize efficacy and response rate. High-definition transcranial direct current stimulation (HD-tDCS)

provides targeted subthreshold brain stimulation, combining tolerability with specificity. We aimed

to establish the number of HD-tDCS sessions required to achieve a 50% FM pain reduction, and to

characterize the biometrics of the response, including brain network activation pain scores of contact

heat-evoked potentials. We report a clinically significant benefit of a 50% pain reduction in half

(n = 7) of the patients (N = 14), with responders and nonresponders alike benefiting from a cumula-

tive effect of treatment, reflected in significant pain reduction (P = .035) as well as improved quality

of life (P = .001) over time. We also report an aggregate 6-week response rate of 50% of patients and

estimate 15 as the median number of HD-tDCS sessions to reach clinically meaningful outcomes. The

methodology for a pivotal FM neuromodulation clinical trial with individualized treatment is thus

supported.

Online Registration: Registered in Clinicaltrials.gov under registry number NCT01842009.

Perspective: In this article, an optimized protocol for the treatment of fibromyalgia pain with tar-

geted subthreshold brain stimulation using high-definition transcranial direct current stimulation is

outlined.
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ibromyalgia (FM) is a chronic pain syndrome that af-
fects most of the musculoskeletal system; symptoms

scale (VAS). In addition, we assessed biomarkers of
response, including an electroencephalography (EEG)/
include diffuse pain, fatigue, and emotional
distress.48 The estimated prevalence of this disorder in
the general population ranges between 2 and 5%,2,46

with a higher incidence among females.27 The patho-
physiologic mechanisms accounting for the diffuse signs
and symptoms are not yet fully understood, but current
evidence suggests that alterations in nociceptive path-
ways and modifications in sensory processing seem to
play a key role in both the initiation and the mainte-
nance of pain in this condition. These pernicious alter-
ations seem to be caused mainly by maladaptive
plasticity in brain areas involved in these processes,10

which is a common finding in chronic pain syndromes.
Different noninvasive brain stimulation (NIBS) tech-

niques have been tested extensively in chronic pain syn-
dromes given their ability to modify brain activity,
targeting mainly the primary motor cortex (M1) as an
entryway to modulating the aberrant activity of the cir-
cuit in charge of pain processing.9 Several
studies5,14,24,30,37,42 have shown that stimulation of this
brain area can induce significant analgesic effects in
FM, mainly through modification in sensory processing
of pain by thalamic inhibitory networks. Nonetheless,
the results are inconsistent and some studies have
achieved only marginal benefits. This variability in
clinical efficacy may be associated with differences in
trial design and stimulation parameters; therefore,
optimization and standardization of the treatment
framework used in FM may lead to significant
improvements in clinical efficacy. For example, the cost
of transcranial direct current stimulation (tDCS) is low,
it is well tolerated, and broadly deployable, which has
made it one of the most frequently used techniques,
but its main drawback is that it produces diffuse brain
current flow.On the other hand, high-definition tDCS us-
ing the 4 � 1 montage (4 � 1 HD-tDCS) allows noninva-
sive focal application of low-intensity direct current,12

which is believed to enhance the clinical effects of this
therapeutic tool.7,29,41 Previous results using just a
single session of HD-tDCS with a 4 � 1 electrode config-
uration over M14,44 demonstrated an incremental
reduction of experimental and FM pain, and
exceptionally long neuroplasticity changes,22 which
together support cumulative analgesic effects with
repeated sessions.42

Therefore, we set out to evaluate the optimal stimula-
tion parameters and criteria for patient selection and
evaluation of clinical response in patients with FM
receiving 4 � 1 HD-tDCS for pain management. This
effort was driven mainly by the critical relevance of ob-
taining as much information as possible on clinical re-
sponses in early study phases to design protocols with
high response rates, high efficacy, and limited side ef-
fects; which is a prerequisite for the development of
pivotal phase III efforts in the field of NIBS. The primary
aim of this phase II open-label trial was to establish the
mean number of 4 � 1 HD-tDCS sessions needed to
achieve a clinically meaningful response, defined as
>50% decrease in pain, quantified by a visual analog
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event-related potential (ERP) analysis of brain reorgani-
zation, known as brain network activation (BNA).33,36,39

The exploratory aims were to test screening procedures
to predict response and individualize treatment.
Methods

Study Design and Overview
The study was conducted in the Neuromodulation

Center at Spaulding Rehabilitation Hospital, Harvard
Medical School. It was approved by the local institutional
review board and conducted in compliance with the
Declaration of Helsinki (1964).
The phase II study consisted of an open-label single

arm, in which enrolled patients were asked to remain
in treatment until a clinically meaningful reduction in
pain was achieved for a maximum of 6 weeks of treat-
ment. A clinically meaningful response was defined as
a pain intensity reduction of 50% or more compared
with VAS baselinemeasures obtained 1week before visit
2 using a daily pain diary.
After potential participants were identified, they un-

derwent a detailed telephone screening andwere sched-
uled for a first study visit to the treatment center, at
which written informed consent was obtained. On the
participants’ first visit, baseline measurements were
collected, including the Fibromyalgia Impact Question-
naire (FIQ) and sensory assessments (detailed later); par-
ticipants underwent further screening using the 2010
American College of Rheumatology Preliminary Diag-
nostic Criteria for Fibromyalgia47 and were considered
enrolled patients after screening.
All enrolled patients were scheduled to complete 10

HD-tDCS sessions in a period of 2weeks (visits 2–11), after
which they completed their first response assessment
(stimulation week 2, assessment 1, visit 11; Fig 1). If pa-
tients met the criteria for clinical response, and therefore
were deemed responders, after any response assessment,
subsequent stimulation sessions were discontinued, and
patients were asked to complete 2 follow-up assessment
visits. Patients who did not meet the criteria for a clinical
response (nonresponders) received 5 additional HD-tDCS
sessions during the third week of stimulation (visits 12–
16), after which a second response assessment was con-
ducted (stimulation week 3, assessment 2, visit 16; Fig
1). For nonresponders, the same procedure, 5 additional
HD-tDCS sessions, was repeated during the fourth week
of stimulation with a subsequent response assessment
(stimulation week 4, assessment 3, visit 21; Fig 1). If pa-
tients continued to be nonresponders after visit 21,
they received 3 additional HD-tDCS sessions during the
fifth week with a fourth response assessment (stimula-
tion week 5, assessment 4, visit 24; Fig 1). After visit 24,
nonresponders were scheduled for 3 additional HD-
tDCS sessions during the sixth week, when a final
response assessment was made (stimulation week 6,
assessment 5, visit 27; Fig 1), and at this point, regardless
of response, HD-tDCS stimulation was discontinued and



Figure 1. Study overview illustrating patient visits and response assessment (Assess.) time points. Baseline VAS measures were re-
corded in a pain diary 1 week before visit 2 (7 days between visits 1 and 2) and HD-tDCS stimulation (Stim) was started on visit 2. Pa-
tients reported daily pain scores in pain diaries for every day they remained enrolled in the trial, starting from visit 1. Pain diaries were
distributed and discussed on visits 2, 6, 11, 16, 21, 24, and 27 (depending on the patient’s response), as well as on both follow-up visits.
Five response assessments were performed on visits 11, 16, 21, 24, and 27 (depending on the patient’s response). During the response
assessments, if patients responded (achieved>50%decrease in VAS comparedwith baseline VAS), HD-tDCSwas discontinued and they
were scheduled for follow-up visits; if patients were nonresponders (<50% decrease in VAS compared with baseline VAS), they
received additional HD-tDCS stimulation sessions (up to a total of 26 sessions). Follow-up visits were performed 2 and 8 weeks after
HD-tDCS was discontinued.
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patients were scheduled for a 2-week and 8-week
follow-up visit.

Selection Criteria
Enrolled patients met the following criteria: 1) be-

tween 18 and 85 years of age; 2) a formal diagnosis of
FM made by a practicing physician; 3) existing pain for
more than 3 months with an average of at least 4 on a
0 to 10 VAS; and 4) pain resistant to common analgesics
and medications for chronic pain. Exclusion criteria
included 1) positive test for pregnancy; 2) tDCS contra-
dictions, including metallic implants in the head; 3)
drug or alcohol abuse problems; 4) carbamazepine use
within the last 6 months before enrollment; 5) severe
depression; 6) a history of epilepsy, stroke, moderate to
severe traumatic brain injury, unexplained fainting
spells, or severe migraines; and 7) a history of neurosur-
gery. Patients taking central nervous system–active med-
ications were enrolled if dosages had been stable for at
least 2 months. Patients were encouraged to continue
taking their usual medication for the duration of the
trial.

Intervention: HD-tDCS
All patients were scheduled to receive active anodal

HD-tDCS using the montage previously described.43,44 A
conventional tDCS device (Model 1224-B; SoterixMedical
Inc, New York, NY) connected to a 4 � 1 Multichannel
Stimulation Adaptor (Model 4x1-C2; Soterix Medical
Inc) was used to supply and divide 2 mA of current across
5 stimulating electrodes for 20 minutes. Direct current
was delivered using Ag/AgCl sintered ring electrodes,
held in place by specially designed plastic casings
embedded in a 64-channel EEG recording cap. The plastic
casingswere also used to house EEG recording electrodes
during data acquisition and before and after HD-tDCS
treatment (see EEG Recordings section).
The anode was placed over C3 according to the Inter-

national 10/10 EEG system, corresponding to the approx-
imate location of the left M1. Four return cathodal
electrodes were placed approximately 5 cm radially
from C3, corresponding roughly to locations Cz, T7, P3,
and F3 (Fig 2). The preparation procedure consisted of
exposing the scalp by separating the hair underlying
each electrode and adding approximately 1.5 mL of
highly conductive gel (Signa Gel; Parker Laboratories,
Fairfield, NJ). Contact quality and impedance levels
were verified for each electrode before each stimulation
session began.
Clinical Outcomes
All patients sat in a comfortable chair with back and

arm support during all stages of data collection.



Figure 2. (Left) Finite element model of a 4 � 1 HD-tDCS montage over M1 on the scalp. (Middle) Finite element model showing
underlying cortical electric field magnitude during HD-tDCS over M1. (Right) Anodal stimulation over left M1 was modeled with a
wide radius (�75 mm) 4 � 1 ring. Electric field peaks of .42 V/m were predicted on the motor strip as a result of 2-mA stimulation.
Streamline images (gray) demonstrate the direction of current crossing the skull.
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VAS for Pain

Pain levels were obtained on all visits and quantified
using a VAS, which consisted of a gradient color-coded
scale ranging from 0 (green; corresponding to complete
absence of pain) to 10 (red; corresponding to worst
imaginable pain) in intervals of .5. In addition, immedi-
ately before and after each HD-tDCS session, patients
were asked to rate their current overall level of pain on
the aforementioned VAS from 0 to 10. The VAS, collected
on days of the response assessments (Fig 1), was used to
gauge patients’ responses compared with baseline VAS
(see Pain Diary section).

Pain Diary

For each day enrolled in the study, starting from visit 1,
patients were asked to record their daily pain intensity as
well as any medication they took using a diary. Patients
recorded this information on a scaled-down version of
the color-coded VAS. The diary also included spaces for
medication reporting. Baseline VAS pain levels were
calculated for each patient by using the average of 1
week of pain diary reports, collected every day between
visits 1 and 2, before their first HD-tDCS stimulation ses-
sion. During response assessments, if patients’ post-HD-
tDCS VAS reduced by more than 50% compared with
the baseline VAS, they were deemed to have achieved
a clinical response, whereas those who did not were
deemed nonresponders and continued HD-tDCS.

FIQ

This questionnaire was used as a quality-of-life assess-
ment in patients with FM and was administered on visits
6, 11, 16, 21, 24, and 27 (according to the patient’s
response) and on both follow-up visits. It consists of 10
questions that evaluate activities of daily living and
pain, divided into 3 main categories: function, overall
impact, and symptoms. The total maximal score achiev-
able was 100.

Beck Depression Inventory

This screening tool was administered on visit 1 for an
assessment of depression and consisted of 21 items
measuring emotional, behavioral, and somatic symp-
toms. The score for each item ranged from 0 to 3with to-
tal scores of 10 to 18 indicating mild, 19 to 29 indicating
moderate, and greater than 30 indicating severe
depression.3
Quantitative Sensory Assessment

Semmes-Weinstein Monofilaments

While patients kept their eyes closed, calibrated esthe-
siometers (Touch-Test Sensory Evaluators; North Coast
Medical Inc, Morgan Hill, CA) were applied in increasing
filament thickness. Filaments were applied to 4 different
paired body areas (tender points): the thenar eminence,
an area 2 cm distal to the lateral epicondyle, above the
medial border of the scapular spine, and the occiput
area. The value at which patients first perceived the sen-
sory stimuli (mechanical detection threshold) and value
at which the sensation became painful (pain threshold)
were registered and recorded.

Pain Pressure Threshold

Blunt pressure was delivered to the 4 aforementioned
paired body areas using the standard 1-cm2 hard rubber
nozzle of an algometer (Commander Algometer; JTECH
Medical, Salt Lake City, UT). Patients were asked to
keep their eyes closed while increasing pressure was
applied. They reported the moment at which the sensa-
tion transitioned from pressure to pain. At this moment,
pressure was relieved and the applied pressure was re-
corded. The average of 3 trials for each point was used.
The points selected for mechanical and pressure pain
detection correspond to the areas showing the highest
correlation with overall pain threshold, as shown by
Petzke and colleagues31 and Tastekin and colleagues.40

The thenar eminencewas used as a control for bothmea-
surements. Both pain pressure threshold (PPT) and
Semmes-Weinstein monofilament (SWM) measurements
were completed at baseline and before and after HD-
tDCS on visits 6, 11, 16, 21, 24, and 27 (according to the
patients’ responses), as well as on both follow-up visits.
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Neurophysiologic Outcomes: Contact
Heat-Evoked Potentials

Heat Stimulation

Contact heat stimuli were delivered to the right domi-
nant proximal volar forearm using a round thermode of
572.5 mm2 (PATHWAY; Medoc Ltd, Ramat-Yishai, Israel)
in 4-block heat stimulation sessions to produce contact
heat-evoked potentials (CHEPs) (Fig 3, top). Each CHEPs
stimulus trial began with the thermode applied to the
skin, followed by triggering of the heat stimulus, and
ended with a beep, which prompted patients to rate
the pain produced by the heat stimulus. This thermode
application was repeated in a clockwise manner on the
designated area of the forearm (Fig 3, bottom). On visit
1, patients underwent a temperature-determination
protocol, in which they received 3 different heat stimuli
of the same temperature, ranging from 38�C to 52�C. Pa-
tients were instructed to rate each stimulus on a numeric
rating scale (NRS), with 0 indicating the absence of pain
and 10 indicating the worst imaginable pain. The 2 tem-
peratures that patients rated as 3 and 6 on the NRS were
chosen as the low and high temperature, respectively, for
the pre-HD-tDCS and post-HD-tDCS EEG recordings (Fig
3, top). The first 2 blocks of heat stimuli used the low
temperature (NRS rating of 3) determined for each indi-
vidual patient and were separated by a 5-minute inter-
val. The following 2 blocks of heat stimuli used the
high temperature (NRS rating of 6) determined for
each individual patient and were also separated by a 5-
minute break. The low-temperature and high-
temperature blocks were further separated by a
Figure 3. (Top) The low temperature (Temp) heat stimuli were appl
temperature blocks were separated by a 5-minute break, followed
minute break. Both the low-temperature and high-temperature bl
was then administered and the heat stimulation procedure was re
blocks, the thermodewas placed on the indicated area of the forearm
mode was moved slightly in a clockwise manner and the process wa
15-minute interval. There were 20 stimuli (trials) per
block and the interstimulus interval ranged from 8 to
13 seconds. After the 4-block heat stimulation session,
the HD-tDCS intervention was applied, then the 4-block
heat stimulation session was repeated (Fig 3, top). This
4-block low-temperature and high-temperature regime
was administered before and after HD-tDCS on visits 2,
6, 7, and 11 and once at the 8-week follow-up (when
only the pre-HD-tDCS aspect was done; Fig 3, top).

EEG Recordings

CHEPs were recorded using a high-density 64-channel
BioSemi ActiveTwo system (BioSemi Instrumentation,
Amsterdam, Netherlands), according to the extended
10/10 International system with the reference to the
nose tip. Data were acquired during the pre-HD-tDCS
and post-HD-tDCS periods, concurrent with the heat
stimulation application by the thermode (Fig 3, top).
Electrooculogram electrodes to monitor eye movements
were placed below and above the right eye and at the
right and left external canthi. Data were sampled at
512 Hz and offline analysis included filtering the data
with a .5-Hz to 30-Hz band-pass finite impulse response
filter and continuous data epoching with a 200-
millisecond prestimulus window to 1000-millisecond
poststimulus window. At least 25 artifact-free traces
per train were averaged for CHEPs analysis.

BNA Analysis

BNA analysis was performed on the CHEPs data re-
corded at each electrode location by clustering the basic
time-frequency characteristics of the ERPs (ie, waveforms
ied first, with 2 blocks, each consisting of 20 stimuli. These 2 low-
by the 2 high-temperature heat stimuli also separated by a 5-
ocks were separated by a 15-minute break. HD-tDCS treatment
peated (post-HD-tDCS). (Bottom) During the heat stimulation
for each stimulus. After the heat stimuluswas applied, the ther-
s repeated for the entirety of the block.
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at specific location, amplitude, frequency, and timing [la-
tency]), and finding the relations between the clusters.
The BNA analysis involves 2 independent processes: a
group-level pattern recognition process used togenerate
the characteristic group’s network (reference brain
network model [RBNM]) and a single patient-level simi-
larity evaluation process in which a single patient is
compared with the RBNM and the degree of similarity is
measured by the BNA score. The group-level process
does not consist of averaging across patients, which
masks variability within the group, but is rather based
on identifying the largest common denominator of acti-
vationacross patients, yet still preserving the interpatient
variability of individual patients. A detailed description
of the methodology is given elsewhere.33-35,39

In this study, the BNA score of individual patients
was calculated against an RBNM (N = 70, 33 female,
mean age = 32 years, SD = 67.86, range = 20–45 years)
that was generated based on CHEPs elicited to 52�C
(visit 1 and visit 2 datasets) collected from healthy par-
ticipants at Ohio Clinical Trials, Inc. The RBNM was
characterized with central theta-delta activations and
represented the response to pain of healthy individuals
(Fig 4, top left). This network has been validated in a
previous study36 in which we showed a similar central
theta-delta network for CHEPs at 52�C. The dynamics
of the network activity can be revealed in a frame-
by-frame presentation (Fig 4, bottom), with a heat
probe applied, activating pain-related network activity
(Fig 4, top right).
Figure 4. (Top left) RBNM for pain (52�C) showing central theta-del
circles represent theta frequency nodes, and gray lines represent co
connectivity strength. (Top right) Models depicting mapped networ
tom) Time frames of the network showing activity development ove
Results
A total of 20 participants (17 female, 3 male, mean age

= 49.50 years, SD =611.96, range = 29–68 years) provided
written informed consent and were recruited from the
Boston area through online publicity, newspaper adver-
tisements, and local support groups over a period of
10 months. The recruitment and data collection were
completed between March 2013 and July 2014. Of the
20 participants, 14 were included in the data analysis
because they received at least 1 HD-tDCS treatment after
visit 1. Patients were classified as responders or nonre-
sponders according to whether they achieved a signifi-
cant clinical response or not. Patients who discontinued
treatment at any other time point were considered drop-
outs. At the end of the fifth assessment (week 6 of treat-
ment) therewere 7 responders, 6 dropouts, and 1 patient
who remained in treatment without showing a response
(Table 1). These 6 dropouts and 1 patient who remained
in treatment without showing a response were collec-
tively considered nonresponders. The median time to
response in these 7 responders was 15 visits. Some
dropout occurred early on. For example, 1 patient failed
to return after a single HD-tDCS session, in which the in-
dividual reported a decrease in VAS pain score from 8 to
6. It is not certain what the outcome for this and other
dropouts could have been if they had adhered to the
treatment regime.
To estimate the odds of obtaining the observed num-

ber of responders by chance we performed a Monte
ta activation. Red circles represent delta frequency nodes, green
nnectivity between the nodes. Line width and darkness denote
k propagation over time and area of applied head probe. (Bot-
r time, starting �330 milliseconds after the heat stimulus.



Table 1. Baseline Characteristics of the Study
Patients Divided Into Responders and
Nonresponders

RESPONDERS NONRESPONDERS

Number 7 7

Sex (number of females) 7 5

Age (SD) 50.14 (612.47) 46.57 (612.23)

VAS baseline (SD) 5.69 (61.48) 6.01 (61.74)

BDI (SD) 14.14 (68.41) 13 (68.35)

FIQ baseline (SD) 52.36 (624.35) 55.07 (612.90)

SWMs mechanical (SD) 3.24 (6.46) 3.88 (61.73)

SWMs pain (SD) 5.73 (6.54) 5.37 (62.06)

PPT kg (SD) 2.41 (61.13) 1.52 (60.83)

Number of tDCS sessions (SD) 16.29 (65.31) 14.29 (68.34)

Minimum–maximum 10–24 1–25

NOTE. Responders include all patients whose VAS decreased by >50% compared

with the baseline VAS, and nonresponders include 6 dropouts and 1 patient who

remained in treatment without showing a response to HD-tDCS treatment. The

means and standard deviations (SD) are shown unless otherwise stated.
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Carlo simulation of this assessment regime as follows.We
drew 1, 2, 3, 4, and 5 independent samples from normal
distributionswithmeans and standard deviationsmatch-
ing the 14 patients. Means were set to the VAS baseline
scores and standard deviations were determined from
daily diary entries 1 week preceding treatment (between
visits 1 and 2). On the diary entries, VAS scores were not
correlated across subsequent days (r = .017, P > .1). These
samples were compared with each patient’s baseline
scores as in the actual experiment and considered suc-
cessful if they decreased below 50% of baseline VAS
pain scores for any of the multiple assessment points.
The number of successfully treated patients with such
randomly generated outcomes was on average .75,
1.39, 1.92, 2.38, and 2.78. The likelihood of observing 3,
4, 6, 7, and 7, as in the experiment, is small (P < .0021;
see P values, Fig 5, top left).
To determine if there was a cumulative effect of treat-

ment, we analyzed the progression of VAS over time for
responders and nonresponders (Fig 5, top right). We
used a multilevel mixed-effects model to account for
repeated measures in each patient in the presence of
missing data (because no data were available after pa-
tients chose to discontinue treatment as well as occa-
sional missed treatment days). Treatment response was
a fixed across-group factor and time was a random
within-subject factor, with patient ID being a nested var-
iable in the binary treatment response variable (we used
MATLAB’s anovan function [TheMathworks, Inc., Natick,
MA]). This analysis confirmed that VAS changes with
time (P = .035) and that there is a difference in VAS be-
tween the responders and nonresponders (P = .030).
However, there is no interaction between time and
response (P = .97), suggesting that the cumulative effect
is comparable in both groups. To visualize this cumula-
tive effect, we also displayed VAS scores aligned to the
last day of treatment (Fig 6. top left). By design, a
decrease in VAS on the last day of treatment is expected.
However, Fig 6 (top left) seems to suggest that VAS scores
trend lower in responders a few days before the day of
discontinuation of successful HD-tDCS treatment.
To see if the benefits captured by the VAS are paral-
leled by improvements in quality of life, we analyzed
the FIQ scores at the 5 assessment points as secondary
outcome measure (Fig 5, bottom left). There is a reduc-
tion of the FIQ with time (P = .001), but scores do not
differ between responders and nonresponders (P = .18).
A further secondary outcome measure, PPT, did not
show an effect between responders and nonresponders
or a trend in time (P = .36, P = .45). Similarly, the SWMs,
for bothmechanical and pain, did not show an effect be-
tween responders and nonresponders or a trend in time
(P > .20). The Beck Depression Inventory (BDI) also
showed no effect between responders and nonre-
sponders (P = .83).
To determine if the effects persisted after treatment,

patients were asked to return to 2 follow-ups (* in
Fig 5, top right). All responders returned to the 2-week
follow-up and their VAS scores remained significantly
lower than their baseline values (–3.7 6 2.3, P = .0062,
n = 7). At the 8-week follow-up, the improvement in
pain was no longer statistically different from baseline
(–1.9 6 3.7 P = .26, n = 6).
To assess whether treatment success can be predicted,

we analyzed the BNA scores of the first pretreatment ses-
sion of responders and nonresponders. Responders
started with higher BNA scores than nonresponders, re-
flecting higher similarity to the healthy network refer-
ence, whereas nonresponders showed low similarity if
any to healthy patients’ pain-related network. A receiver
operating characteristic (ROC) analysis on the BNA scores
from the pretreatment session shows that responsiveness
can be predicted before the commencement of treat-
ment (Fig 6, bottom left; P = .05 in a Wilcoxon rank
sum test).
To determine if there is also an acute effect that ex-

plains the difference between responders and nonre-
sponders, we analyzed the difference in VAS scores
provided immediately before and after HD-tDCS treat-
ment and averaged across all sessions. Responders
show a significant acute decrease in VAS (Fig 6, top right;
P = .02). The acute effect observed on the first treatment
day is also a reasonable predictor of treatment success
(Fig 6, bottom left; P = .04 in a Wilcoxon rank sum test).
A separate analysis shows that baseline VAS scores do
not differ significantly between responders and nonre-
sponders (P = .26).
These data suggest that there is an acute effect in re-

sponders and that responders and nonresponders alike
benefit from a cumulative effect of treatment. These
combined effects result in a clinically significant benefit
of a 50% reduction in perceived pain in a statistically sig-
nificant number of patients, and these patients can be
identified relatively accurately in advance.
Discussion

Primary Outcomes
Our overarching goal is to validate a clinically effica-

cious HD-tDCS protocol to treat FM-related pain that in-
corporates response rate, efficacy, and tolerability



Figure 5. In the first 4 weeks therewere 5 days of treatment, in the last 2 weeks only 3, such that assessment days where on the 11th,
16th, 21st, 24th, and 27th visit. (Top left) Treatment outcome with Monte Carlo simulation performed at all assessment points corre-
sponding to 2, 3, 4, 5, and 6weeks after treatment commenced or visits 11, 16, 21, 24, and 27, respectively. (Top right) VAS progression
over visits for responders and patients in treatment, including follow-up visits, pain diary baseline (green), and visit 1 baseline
(magenta). (Bottom left) Patient quality of life, assessed by FIQ, progression over visits, comparing responders and patients in treat-
ment. (Bottom right) PPT measures over visits comparing responders and patients in treatment.
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features that support adoption. Neuromodulation can in
principle be optimized by dose, repetition (sessions),
adjunct treatments, and patient selection (inclusion).
Here, dose was fixed to the 4 � 1 montage of HD-tDCS
over M1 with 2 mA of current delivery, selected for few
side effects,25 extended neuroplasticity,22 and anatomic
specificity,12 and promising pilot results.4,44

Our study was based on the notion of a monotonic
dose response, following the rationale of increasing
the number of HD-tDCS treatment sessions until a clinical
response was achieved. The number of treatment ses-
sions is a critical factor in determining tDCS effectiveness
for pain relief,42 presumably leveraging well-established
cumulative changes in excitability and plasticity with
repeated tDCS sessions.6,15,21,26

In our analysis, we took a conservative approach call-
ing all dropouts, nonresponders; however, 6 of 7 nonre-
sponders were dropouts with an uncertain outcome had
they remained in treatment, with only 1 patient who
adhered to the 6-week treatment regime without reach-
ing the treatment goal of a 50% reduction in VAS. Using
this conservative approach, we show a successful reduc-
tion of VAS pain by more than 50% in 7 of 14 patients
with FM, at above chance levels. We estimate 15 stimula-
tion sessions as the median number of HD-tDCS sessions
required to produce at least a 50% decrease levels in
perceived pain.
These findings further emphasize the need for opti-

mization and standardization of treatment parameters,
given their critical influence on clinical efficacy. Recent
studies have addressed the variability in results of
NIBS, especially tDCS, for the treatment of pain, hypoth-
esizing that the limited and marginal clinical results are
directly related to the lack of coupling between neuro-
physiologic responses in the areas stimulated and trans-
lated improvements in signs and symptoms. Contrary to
this theory, we believe that the lack of clinical efficacy
reported in several studies is mainly associated with a
lack of consistency in clinical trial design and stimula-
tion parameters, so that the treatment framework is
not optimized to achieve the best clinical response.
VAS benefits were paralleled by FIQ, which is a practi-
cally more meaningful measure assessing broader qual-
ity of life.



Figure 6. (Top left) Because there were no interactions between time and response, to visualize cumulative effects of treatment be-
tween responders and nonresponders, we displayed VAS scores aligned to the last day of treatment. (Top right) Determination of an
acute effect between responders and nonresponders by averaging VAS scores before and after HD-tDCS treatment, across all sessions.
Here, responders show a significant acute decrease in VAS compared with nonresponders. (Bottom left) ROC analysis examining the
acute effect observed on the first treatment day, showing that it is a reasonable predictor of treatment success. (Bottom right) ROC
analysis on the BNA scores from the pretreatment session showing that responsiveness can be predicted before the commencement of
treatment. All pairwise comparisons between responders and nonresponders used theWilcoxon rank sum test with N = 14 measures.
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Biomarkers, Response Predictors
Although necessary for clinical response, an extensive

treatment protocol (weeks) increases the burden to
both patients and caregivers; therefore, methods to pre-
dict responsiveness would enhance clinical effectiveness
and avoid unnecessary burdens for those patients who
are more likely to not obtain a clinical benefit from the
protocol. Predicting likeliness of response may also
encourage patients to persist in treatment and decrease
the rate of dropouts. We observed a 30% attrition of
screened patients (before the first HD-tDCS) and 42%
dropout on enrolled patients over the course of the trial,
despiteminimal side effects and a trend in nonresponder
dropouts toward reduced VAS. As indicated by patients
who decided to end their participation in the trial, this
dropout rate could be attributed in part to several as-
pects of the study design, mainly required duration of
participation, daily visits to the study center, and length
of study visits. Other reasons that could be considered
among the causes of the high dropout rate are that pa-
tients perceived the treatment as ineffective and base-
line pain levels were too high to commit to daily visits
to the center.
Biomarkers included CHEPs as a measurement of
pain-related central sensitization. Because pain is a
multidimensional phenomenon,1,16 it is necessary to
represent pain perception in a multivariate manner38

and not just by relying on a single dimension (eg,
CHEPs amplitudes). Therefore, in this study we used
an ERP analysis tool, BNA,33-35,39 to assess the
reorganization of brain networks, after HD-tDCS
stimulation.
In the post hoc analysis, CHEPs before first treatment

(BNA score) were predictive of response to treatment.
This measurement and its association with responsive-
ness is of paramount importance, given that it can be in-
terpreted as amarker of central sensitization, suggesting
that differences in the baseline characteristics of brain
adaptation to pain determine the pattern of response
to this treatment approach. Changes in pain score after
the first treatment session (VAS) were also reasonably
predictive of treatment responsiveness. Although this
analysis was not blinded to outcome, given the logistical
burden of extended treatment, these predictive mea-
sures warrant inclusion as planned comparisons in a
future phase III trial.
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Mechanisms
The analgesic effects produced by stimulating M128,41

have made it a main target point of NIBS for pain
syndromes like FM. NIBS techniques including
repetitive transcranial magnetic stimulation5,24,30 and
tDCS14,37,42 over M1 have been shown to have
significant analgesic effects in FM, possibly through
modification of the sensory components of pain by
thalamic inhibitory networks.
The BNA scores in this studywere computed against an

RBNM (the group’s characteristic brain pattern) consist-
ing of central theta-delta coactivations. The low-
frequency brain network activity characterizing the
RBNM might correspond to the somatosensory and af-
fective components of pain perception.45 However, it
has been previously shown that tDCS over M1 had an ef-
fect mainly on sensory aspects of pain through modula-
tion of M1-thalamic inhibitory connections.32 Previous
findings19,38 have also suggested that the amplitude of
evoked responses at the theta frequencies are
correlated with the individual’s sensitivity to pain and
can potentially predict pain in humans. Furthermore,
theta oscillations in the thalamocortical loop including
primary somatosensory cortex (SI) could serve as a
biomarker for pain.8,23 Because SI receives projections
from the ventral posterolateral thalamus, the
resemblance of the activations of responders to the
theta-delta pain network of healthy control individuals
may reflect the effect of pain on thalamocortical activa-
tions in humans.23

FM is characterized by a lack of inhibitory control over
somatosensory processing.44 Accordingly, we speculate
that those patients who exhibit a distinct and pro-
nounced response to electrical modulation of the M1
have more abnormal plastic modifications in the circuits
in charge of the sensory processing component of pain,
characterized by a high level of similarity to the pain
network of healthy control individuals, whereas those
patients who have little or no response to this treatment
technique may have more pronounced alterations in
affective-emotional networks in charge of modulation
of the unpleasant sensations derived frompain, resulting
in a low level of similarity to this pain network. There-
fore, it would be possible to hypothesize that M1 stimu-
lation would elicit prominent analgesic effects in
patients with FMwhose pain is mostly caused by a dereg-
ulation in the modulatory output exerted by this cortical
region. Not surprisingly, responders benefit more from
acute treatment as well. Hence, the fact that the activa-
tion pattern of responders in this study resembles the
pain activation pattern of healthy control individuals
may indicate that this pattern may potentially serve as
a BNA biomarker for the prediction of treatment success.
Side Effects
Treatment-related adverse events were mostly mild

and transient. The most common side effects reported
included a tingling sensation over the scalp (73.33% of
patients), mild headaches (40%), mild pain in the stimu-
lation area (40%), and skin redness in the stimulation
area (26.66%). The frequency and severity of adverse
events did not increase with the number of sessions,
even for those patients who received up to 26 stimula-
tion sessions.
Limitations and Conclusions
We find a decreasing trend in the VAS and FIQ over

time, which does not differ between responders and
nonresponders. This may be the result of patients re-
maining in treatment if they see an improvement but
otherwise dropping out. However, this possible
confounder does not rule out a cumulative effect of
treatment (Fig 6, top left) nor does it explain the rela-
tively large number of responders we observed above
the expected chance levels.
Patients were not asked to stop current medications

during the study period, but they were asked to report
if they had any changes in medication dosage or type.
None of our patients reported an increase in their usual
analgesic medication dosage or any new medications
added to their regimen. Nonetheless, given the uncon-
trolled nature of this study, it is not possible to rule out
any interference of the patient’s concurrent medications
and the HD-tDCS treatment.
To judge chance levels of response, we assumed that

fluctuations in VAS over 6 weeks are comparable with
fluctuations over 1 week preceding the trial. It is possible
that fluctuations over that longer timescale are larger
and thus that we underestimated the numbers of re-
sponders we may have observed by chance. However,
in the per-treatment week, VAS values were negatively
correlated in time (other than subsequent days). That
means that VAS values tended to rebound after 2 or
more days if they were high or low on any given day,
and thus, that there was no apparent drift of VAS at least
in the time frame of 1 week.
The relatively small sample size (N = 14) can be consid-

ered another limitation for the study, which could in turn
lead to a reduction in statistical power. Nonetheless,
given that our main focus was not to test the efficacy
of tDCS against sham but instead to establish a stimula-
tion protocol that maximizes efficacy and response
rate, and because of the constraints imposed by the study
design, the selected patient pool was sufficient to test
our hypothesis. Further studies should aim to test this
stimulation protocol in larger populations.
Placebo response rates in patients diagnosed with FM

as reported in randomized clinical trials have been
shown to be substantial,18 although not as significant
as those reported here. According to H€auser et al,18 in
randomized controlled trials assessing pain response in
FM, the placebo effect is expected to be approximately
18 to 30%. Several studies have addressed the efficacy
of tDCS and HD-tDCS for pain control in FM, showing
that tDCS is statistically more effective than sham stimu-
lation, but have not directly addressed the magnitude of
a placebo effect in these groups.11,42,44 In this trial, we
assume that our selected population with FM is
comparable with that in previous trials assessing the
efficacy of NIBS for FM pain, and therefore, the
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intervention will be similarly effective. Therefore, an
important assumption for this study is that active tDCS
is superior to placebo tDCS. Such an assumption is also
commonly used, for instance, when an active treatment
is compared with another active treatment in a
noninferiority design. It is clear that in any clinical trial
involving testing of a treatment protocol, the result of
such treatment reflects a combination of both the
direct effect of the intervention and a placebo effect.
Our trial was not designed to test this; instead, our
main aim was to gather information regarding HD-
tDCS treatment in a real-life scenario to develop a stimu-
lation protocol that enhanced response rate and efficacy.
To further analyze if our results were mainly driven by

a placebo response, we examined the results of placebo-
controlled studies on pain that looked into predictors for
placebo response. Most of these analyses were conduct-
ed on neuropathic pain13,20 but 1 trial17 also assessed pla-
cebo responders in FM. All these studies show that
baseline pain levels are associated with a higher placebo
response. It is important to underscore that, in our ana-
lyses, baseline pain levels were not associated with
response to treatment. Other predictors that were found
in some of these studies only, and thus not consistent
across studies, were younger age, longer study duration,
higher ratio of patients on active treatment to placebo,
study year, and patients in study sites with faster recruit-
ment.17 The only predictor considered here that would
be relevant to our study is the study duration; however,
we found that response to the first session of stimulation
was associated with response to multiple sessions, and
thus, speaking against that, response to consecutive ses-
sions could be associated with a placebo response only.
The improvements in VAS and FIQ over time may be
the result of a placebo effect. This study, by design,
did not control for placebo, nor did it aim to compare
active stimulation with placebo or establish possible
predictors of placebo effect. Instead, we focused on
dose-response optimization, consistent with a phase II
study. Nonetheless, we believe that the decrease in
pain levels observed in those who responded to the
stimulation protocol was not entirely the result of a pla-
cebo effect but mainly a direct benefit of the treat-
ment. We determined that the median time to reach
a clinically meaningful outcome was 15 treatment
days (3 weeks) and that 7 of 8 patients who adhered
to the 6-week treatment protocol benefited from treat-
ment, with benefits persisting for at least 2 weeks after
treatment. With these encouraging results, a future
phase III study should aim to increase adherence to
the 6 weeks of treatment to rule out that the observed
benefits were a result of selective attrition. Only after
that may a phase III efficacy study (double-blind sham-
controlled) be warranted.
We did not exhaust the list of potential predictors that

could be associated with response to HD-tDCS. Further
studies should address, for instance, the effects of HD-
tDCS stimulation protocols on neuropsychological
markers, including attention, in patients with FM.
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