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Abstract
Objective
To compare the analgesic eﬀects of stimulation of the anterior cingulate cortex (ACC) or the
posterior superior insula (PSI) against sham deep (d) repetitive (r) transcranial magnetic
stimulation (TMS) in patients with central neuropathic pain (CNP) after stroke or spinal cord
injury in a randomized, double-blinded, sham-controlled, 3-arm parallel study.
Methods
Participants were randomly allocated into the active PSI-rTMS, ACC-rTMS, sham-PSI-rTMS,
or sham-ACC-rTMS arms. Stimulations were performed for 12 weeks, and a comprehensive
clinical and pain assessment, psychophysics, and cortical excitability measurements were performed at baseline and during treatment. The main outcome of the study was pain intensity
(numeric rating scale [NRS]) after the last stimulation session.
Results
Ninety-eight patients (age 55.02 ± 12.13 years) completed the study. NRS score was not signiﬁcantly diﬀerent between groups at the end of the study. Active rTMS treatments had no
signiﬁcant eﬀects on pain interference with daily activities, pain dimensions, neuropathic pain
symptoms, mood, medication use, cortical excitability measurements, or quality of life. Heat pain
threshold was signiﬁcantly increased after treatment in the PSI-dTMS group from baseline (1.58,
95% conﬁdence interval [CI] 0.09–3.06]) compared to sham-dTMS (−1.02, 95% CI −2.10 to
0.04, p = 0.014), and ACC-dTMS caused a signiﬁcant decrease in anxiety scores (−2.96, 95% CI
−4.1 to −1.7]) compared to sham-dTMS (−0.78, 95% CI −1.9 to 0.3; p = 0.018).
Conclusions
ACC- and PSI-dTMS were not diﬀerent from sham-dTMS for pain relief in CNP despite a signiﬁcant antinociceptive eﬀect after insular stimulation and anxiolytic eﬀects of ACC-dTMS. These
results showed that the diﬀerent dimensions of pain can be modulated in humans noninvasively by
directly stimulating deeper SNC cortical structures without necessarily aﬀecting clinical pain per se.
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Glossary
ACC = anterior cingulate cortex; CE = cortical excitability; CI = conﬁdence interval; CNP = central neuropathic pain; CPSP =
central poststroke pain; dTMS = deep transcranial magnetic stimulation; NPSI = Neuropathic Pain Symptoms Inventory;
NRS = numeric rating scale; PSI = posterior superior insula; QST = quantitative sensory testing; RMT = rest motor threshold;
rTMS = repetitive transcranial magnetic stimulation; SCI = spinal cord injury; TA = tibialis anterior.

Central neuropathic pain (CNP) is caused by a lesion or disease of the somatosensory pathways in the CNS. CNP is
a secondary complication of common diseases such as stroke
(i.e., central poststroke pain [CPSP]) and spinal cord injury
(SCI) secondary to traumatic, inﬂammatory, or demyelinating
diseases. CPSP occurs in 2% to 8% of stroke survivors and is
present in up to 18% of those presenting with somatosensory
deﬁcits and up to 50% of those with lesions aﬀecting solely the
spinothalamic pathways.1 Pain also ranks among the most
debilitating complications of traumatic SCI,2 aﬀecting >80% of
patients in the 5 years after trauma and leading to CNP in up to
59% of individuals. SCI can also be caused by inﬂammatory
insults occurring in demyelinating disorders such as multiple
sclerosis (MS) or neuromyelitis optica spectrum disorders.
These conditions aﬀect >2 million individuals globally, leading
to a lifetime prevalence of CNP of at least 28%.
Unfortunately, attempts to control CNP have been marked by
refractoriness and unsuccessfulness. For instance, CPSP failed
to respond satisfactorily to levetiraceta,3 pregabalin,4 duloxetine,5 morphine,6 and carbamazepine,7 while SCI-CNP has
not responded to venlafaxine,8 levetiracetam,9 or dronabinol.10 MS-related CNP failed to respond to cannabinoids11
and duloxetine.5 In the rare existing positive trials, the magnitude of the analgesic eﬀect was frequently small such as the
response of MS-related CNP and CPSP/SCI to duloxetine or
pregabalin12 or the response to opioids13 in SCI-CNP. In
other instances, positive results were derived from very small
studies. Thus, treatment of CNP remains a major unmet need
and has been the focus of several new treatment options such
as noninvasive neuromodulation.
Superﬁcial repetitive (r) transcranial magnetic stimulation
(TMS) has been shown to be potentially eﬀective in the
treatment of major depression and in stroke rehabilitation.
Similarly, rTMS targeted to the primary motor cortex (M1) has
been successfully used to relieve several chronic pain syndromes such as ﬁbromyalgia, complex regional pain syndrome,
and peripheral neuropathic pain. A large body of evidence
indicates that M1 rTMS inﬂuences blood ﬂow, neuronal hyperactivity, and neurotransmitter release in brain, brainstem,
and spinal cord areas distant from M1 in both human patients
and rodents. Several brain structures known to be engaged
during the occurrence of chronic pain are also modulated by
M1 stimulation. Nevertheless, a signiﬁcant proportion of
patients fail to respond to M1 stimulation, and the analgesic
eﬀects of superﬁcial rTMS, regardless of the target chosen, have
not been clearly demonstrated for patients with CNP. Studies
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Neurology | Volume 92, Number 18 | April 30, 2019

including exclusively patients with CNP using superﬁcial cortical targets such as the primary motor and prefrontal cortices
were underpowered or negative or had short-lasting eﬀects.14
The hallmark of CNP is the presence of pain with neuropathic
descriptors in an area of impaired somatosensory function,
frequently aﬀecting thermal sensations.15 It has been proposed
that a lesion to the spinothalamic projections would lead to
plastic changes in brain areas implicated in the processing of
pain; deaﬀerentation of the insular recipients of these inputs,
leading to insular functional disinhibition; and increased activity, causing increased processing of ascending inputs by
mesial pain pathways, including those targeting the parabrachial
nucleus and the anterior cingulate cortex (ACC)16 and amygdala. While some aspects of this model have been challenged,
the idea of an overactivation of these deep structures has been
supported by functional brain imaging studies in normal
humans in acute pain, as well as in patients with neuropathic
pain.17 Similarly, functional connectivity studies18 have also
reported a central role of these structures in instances of neuropathic pain. The possibility of targeting these deep structures
to relieve pain has been tested recently. Insular stimulation in
rats under a peripheral neuropathy model caused signiﬁcant
analgesic eﬀects that depended on the availability of opioid and
cannabinoid receptors,19 and high-frequency stimulation of the
ACC by optogenetics inﬂuenced mood-related responses in
rats.20 In recent years, technologic improvements have allowed
the noninvasive modulation of deep cortical structures such as
the dentate nucleus, the ACC,21 and the insula by deep rTMS
in awake humans. Some preliminary results have proposed that
these new approaches may have signiﬁcant eﬀects in mood
disorders and experimental pain settings20 and could provide
a short-cut approach to target deep cortical areas directly implicated in the processing of physiologic pain and known to
have an abnormal functioning in CNP settings.
We hypothesized that noninvasive modulation of deep cortical structures known to be dysfunctional in CNP would
provide analgesic eﬀects in CNP. We compared the analgesic
eﬀects of deep rTMS to the ACC and posterior superior insula
(PSI) with sham stimulation in patients with CNP who were
refractory to ﬁrst-, second-, and third-line drugs22 in a 12week randomized, double-blind, controlled study.

Methods
The study was carried out at the Hospital das Clı́nicas of the
University of São Paulo. Our Ethics Review Board approved
Neurology.org/N
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the protocol (No. 690.455), and all patients provided written
informed consent before inclusion in the study. This study
was registered as NCT01932905 at clinicaltrials.org.
Patients
Patients were prospectively recruited from diﬀerent outpatient clinics from our hospital complex by their respective
physician, who had no other role in the study. Sociodemographic and clinical evaluations were performed in all participants. Patients with chronic (>3 months) deﬁned CNP due
to stroke or spinal cord lesions were included. Stroke patients
with lesions located on either the ACC or the right PSI were
not included. Major psychiatric disorder, language and cognitive disturbances preventing pain assessment by questionnaires, and presence of seizures within the previous 6
months were also exclusion criteria.
Study design
This was a head-to-head double-blind, randomized, parallelgroup controlled trial to assess the eﬃcacy of deep rTMS
(dTMS) to the PSI (PSI-dTMS) against dTMS to the ACC
(ACC-dTMS) compared to sham stimulation (sham-dTMS)
in CNP due to stroke or SCI. The sham group received sham
stimulation to either the ACC or PSI in a 1:1 proportion.
Thus, participants were randomly allocated into the active
PSI-dTMS, ACC-dTMS, sham-PSI-dTMS, or sham-ACCdTMS in a 2:2:1:1 ratio in blocks of 12 and were stimulated
daily for 5 consecutive days and then weekly during maintenance sessions until the 12th week (i.e., total of 16 stimulation
sessions, ﬁgure e-1 available from Dryad, doi.org/10.5061/
dryad.630mg39). Randomization was performed with the use
of electronic software (randomizer.com). Allocation concealment was granted by the use of password-protected ﬁles in
a computer assessed by a research coordinator with no routine
contact with patients or with other researchers during the data
collection period. Pain assessments were performed at baseline; after the ﬁrst week of treatment (induction period); and
after the end of the ﬁrst, second, and third months of treatment according to ﬁgure e-1 available from Dryad (doi.org/
10.5061/dryad.630mg39) (study design). Psychophysics,
cortical excitability (CE) measurements, mood, and qualityof-life assessments were performed at baseline and at the end
of the study (i.e., right after the last dTMS stimulation). All
clinical evaluations were performed by researchers with no
other role in the study who were not implicated in patient
stimulation, psychophysics, or neurophysiologic assessments
and who worked outside the neuromodulation laboratory.

threshold (RMT). For PSI determination and stimulation,
the neuronavigation procedure was performed to ensure accurate positioning of the coil and, most important, the correct
identiﬁcation of the posterior and superior aspect of the PSI.23
PSI-dTMS and sham-PSI-dTMS treatment sessions were
performed with a cooled DB-80 double-cone coil (Magventure Tonika-Elektronik, Farum, Denmark), which creates an
induced electric current 4 to 5 cm underneath the center of
the coil and has one of the best depth/focality relationship
among several coils.24 During sessions, the coil was oriented
at a tangent to the scalp, with the main phase of the induced
current in the posterior-to-anterior direction. The stimulation
session consisted of 15 series of 10-second trains at 10 Hz and
an intertrain interval of 50 seconds (total 1,500 pulses per
session).23 For ACC determination and stimulation, dTMS to
the ACC was performed with a Magstim Rapid2 (Magstim
Co, Ltd, Whitland Carmarthenshire, UK) equipped with an
H-6 coil speciﬁcally designed to stimulate the ACC. The ACC
was determined according to a technique described previously. Brieﬂy, TA RMT was obtained as described above,
and the H coil was moved forward 4 cm anterior to the motor
hotspot.21 Sham stimulations were applied with an active
ﬁgure-of-8 coil placed above the unplugged double-cone coil
as previously described25 for the insular stimulation. For the
ACC,26–28 the built-in sham system was used. Participants
were briefed that physical scalp and noise sensations would be
emitted by all types of coils (sham and real).
Researchers who delivered dTMS were blinded to all other
assessments except the type of TMS being applied and had no
other role in the study. Care was taken not to set patients’
appointments at the same time period so that waiting-room
conversations could be avoided and to mitigate possible blinding integrity jeopardizing. Blinding assessment was performed at
the end of the study by asking all participants direct questions
about blinding.
Pain and related factors assessment

The study main outcome was pain intensity, as measured by
an 11-point numeric rating scale (NRS) anchored at 0 (no
pain) and 10 (most intense pain imaginable) from the “average pain intensity within the last 24 hours” item from the
brief pain inventory. Secondary outcomes were the global
impression of change and the outcome measurements below:
1.
2.

Treatment session
Target localization and dTMS setup

A 3-dimensional image of the head was obtained with volumetric T1-weighted MRI for frameless stereotaxic neuronavigation (Brainsight, Rogue Research, Montreal, Quebec,
Canada) for all patients. The tibialis anterior (TA) muscle rest
motor threshold was measured as a percentage of maximum stimulator output and was obtained for all participants.
All stimulations were performed at 90% of TA rest motor
Neurology.org/N

3.
4.

Short-form McGill Pain Questionnaire;
Brief Pain Inventory short form, which includes pain
severity index (mean of questions 3–6) and pain interference in daily activities (mean of questions 9A–9G,
ranging from 0 to 70, where 70 indicates the maximal pain
interference possible);
Douleur Neuropathique-4 to screen for neuropathic pain,
being positive for scores ≥4;
Neuropathic Pain Symptoms Inventory (NPSI), which
provides characterization of neuropathic pain symptoms in 5 domains (spontaneous superﬁcial and deep
pain, paroxysmal pain, evoked pain, and paresthesia/
Neurology | Volume 92, Number 18 | April 30, 2019
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5.

6.

dysesthesia) and its temporal pattern.29 It is rated on
a range from 0 to 100, and higher scores denote more
intense neuropathic pain–related symptoms;
Hospital Anxiety and Depression Scale, which assesses
mood symptoms (self-administered 21 items). Scores range
from 0 to 21 for anxiety and depression subscores, and
higher scores denote more intense mood symptoms; and
12-Item Short-Form Survey, which scores the main
domains of health-related quality of life and provides
a ﬁnal total score.

We also performed exploratory assessments to assess whether
medication use and etiology of CNP (SCI or CPSP) played
a role in response to active treatments.
Psychophysics testing
Patients underwent a quantitative sensory testing (QST) battery intended to assess small ﬁber–mediated (A-∂, C) sensory inputs at site of more severe neuropathic pain. Thermal
thresholds were measured with a TSA-2001 device (Medoc,
Ramat Yshai, Israel), as described elsewhere. Thermal detection thresholds (warm detection, cold detection, cold pain,
and heat pain thresholds) were determined as described elsewhere.30 Baseline pain body side, pain site, and their respective
thermal values were compared between groups at baseline.
Then, QST measurements changes obtained after the last
dTMS session were compared between groups.
Neurophysiologic assessment
(CE measurements)
Participants underwent a 30-minute experimental session for
CE measurements with a MagPROX100 machine (Magventure Tonika Elektronic, Farum, Denmark) using a circular coil
(C-100 Magventure Tonika Elektronic). RMT, motor evoked
potentials, short-interval intracortical inhibition at interstimulus intervals of 2 and 4 milliseconds, and intracortical
facilitation at interstimulus intervals of 10 and 15 milliseconds
were done in both hemispheres as previously reported.31 We
looked for side diﬀerences within each study arm (i.e., PSIdTMS, ACC-dTMS, and respective shams) to assess right-left
diﬀerences in CE values. Data were also compared according
to changes after dTMS treatment (CE results from last session subtracted from baseline values) across groups. In addition, each single CE parameter was classiﬁed for each
individual according to published normative data as normal,
high (above the 95% conﬁdence interval [CI]), or low (below
95% CI), and the corresponding percentages of these 3 possible outcomes were compared between groups.31
Statistical methods
The exploratory analysis initially evaluated distributions,
frequencies, and percentages for each of the numeric and
categorical variables. Categorical variables were evaluated for
near-zero variation. Extensive graphical displays were used
for both univariate analysis and bivariate associations. Missing
data were explored with a combination of graphical displays
involving univariate, bivariate, and multivariate methods. Missing
e2168
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data imputation was performed using a k–nearest neighbor algorithm (n = 5). We assessed randomization eﬀectiveness by
evaluating balance regarding baseline variables, comparing the
2 interventions and the control arms. We also assessed whether
the 2 sham groups were balanced at baseline and at the end of
the study (results provided in tables e-6 and e-7 available from
Dryad, doi.org/10.5061/dryad.630mg39). Results from balancing were evaluated through 1-way analysis of variance and
χ 2 tests. According to these results, data from both sham arms
were pooled together into a single sham arm for comparisons
with PSI and ACC active dTMS arms as previously reported.32
To evaluate intervention eﬃcacy (NRS), we performed a series
of generalized linear models and generalized estimating equation models to evaluate the association between all previously
reported outcomes in the 2 intervention arms and the sham.
Generalized linear models take into account only the ﬁnal
measured outcome, while generalized estimating equations account for all intermediate follow-up measurements. Results were
adjusted for age and sex and reported as predicted means for
numeric outcomes and odds ratios for Boolean (yes/no) outcomes, along with 95% CIs. Given that the randomization did
not present any methodologic ﬂaws, we did not adjust outcome
results for unbalanced variables. We followed an intention-totreat principle in our analysis, including participants regardless of
their compliance to the trial protocol. All analyses were performed with the R statistical language and the ggplot233 and
rmarkdown34 packages. Results were also expressed as average ±
SD. Generalized linear models were used for variable data collected only at baseline and at study termination. The primary
outcome (pain intensity at the end of the study) was also
compared between patients experiencing pain on the left and
those with pain on the right side of the body, and the eﬀects
of the diﬀerent treatment groups were compared between
patients presenting left- or right-side–predominant pain. Because the Kolmogorov-Smirnov test revealed that catastrophism, mood, quality of life, QST, and CE values did not
have a normal distribution, diﬀerences between groups were
compared with nonparametric tests (Kruskal-Wallis test,
followed by pairwise comparisons of change between independent groups (Mann-Whitney U test). CE results of each
individual were also further classiﬁed according normative
data into normal,31 high, or low values based on 95% CIs and
compared by the χ 2 test. Sample size was calculated with G3
power software. Because this is the ﬁrst dTMS trial aiming at
deep cortical structures in CNP, we calculated an estimated
sample size on the basis of the largest sham-controlled longterm study available to date using TMS for pain relief with
induction and maintenance sessions.35 We used the eﬀect size
obtained at the end of the weekly maintenance sessions
(0.66), and on the basis of a power of 0.90 and α error
probability of 0.01, the estimated sample size was 33 individuals per group. The eﬀect size of the study was calculated
from the eﬀects of the 3 arms on pain intensity.
Data availability
Anonymized data can be made available to qualiﬁed investigators on request to the corresponding author.
Neurology.org/N
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Results
Patients
One hundred twenty-three patients were assessed for eligibility. One hundred patients (age 55.02 ± 12.13 years, 45
female) were included and randomized. All included patients
but 2 ﬁnished the study protocol, and all were included in the
ﬁnal analyses (ﬁgure e-2 available from Dryad, doi.org/10.
5061/dryad.630mg39). Baseline demographic characteristics
(table e-1 available from Dryad), etiology of CNP, pain location, pain characteristics, mood, and quality-of-life results
were similar between groups at baseline (table e-2 available
from Dryad).
Pain and related factors assessments
The main outcome of the study (NRS score at week 12) was
not signiﬁcantly diﬀerent between groups (ﬁgure, A) during
the study. Given that the trial did not demonstrate a signiﬁcant diﬀerence among intervention arms, we estimated the
eﬀect size and corresponding sample size that would be required to demonstrate a signiﬁcant diﬀerence in case there
was one. The eﬀect size was 0.12 with a corresponding sample

size of 272 participants per arm (n = 816 for the full trial) to
demonstrate a conjectural diﬀerence while accounting for 3
hypotheses.
Similarly, active dTMS treatments had no signiﬁcant eﬀects
on pain interference with daily activities (Brief Pain Inventory), pain dimensions (McGill Pain Questionnaire),
neuropathic pain symptoms (NPSI), and number of medications used (table 1). A preplanned exploratory analysis of
the eﬀects of treatments on clusters of symptoms of neuropathic pain assessed by the NPSI showed that insular stimulation had a statistically signiﬁcant increase in paroxysmal
pain symptoms (3.23, 95% CI 2.27–4.18), compared to the
sham group (1.4, 95% CI 0.74–2.05). The percentage of
responders who considered themselves as having improved
or much improved on the Global Impression of Change was
similar between groups and was not inﬂuenced by the etiology of CNP (CPSP vs SCI-related CNP) (table e-3 available
from Dryad, doi.org/10.5061/dryad.630mg39). Catastrophizing (PCS) and quality of life (12-Item Short-Form Survey)
were not signiﬁcantly aﬀected by either real dTMS or sham
(table 2). Patients’ and clinicians’ Global Impression of Change

Figure Main study results

Study outline. (A) Pain intensity scores during the induction (day [D] 1–5) and maintenance (week [W] 2–8) periods. For the Numerical Rating Score (NRS), 0 = no
pain and 10 = maximal pain imaginable. (B) Hospital Anxiety and Depression Scale (HADS) at baseline (BL) and at the end of the study (W12) in the 3 different
groups. Comparisons between changes (W12 to baseline). Data are expressed as mean (SD) *p = 0.0001, **p = 0.018. (C.a) Heat pain threshold and (C.b) warm
detection threshold at baseline and end of the study (W12) in the 3 different groups. Comparisons between changes (W12 to baseline). Heat pain threshold: *p
= 0.014, **p = 0.029. Warm detection threshold: *p ≤ 0.001, **p = 0.006. ACC = anterior cingulate cortex; dTMS = deep transcranial magnetic stimulation; PSI =
posterior superior insula.

Neurology.org/N
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Table 1 Predicted means comparison between groups during the study
dTMS-sham (n = 32)

dTMS-ACC (n = 33)

dTMS-PSI (n = 33)

BPI pain intensity score

5.08 (4.31–5.86)

5.59 (4.91–6.27)

5.77 (5.2–6.35)

BPI pain interference daily activity score

26.09 (20.14–32.04)

27.74 (21.38.34.09)

34.22 (27.7–40.74)

NPSI total score

28.16 (22.37–33.95)

32.3 (26.08–38.52)

40.34 (32.91–47.77)

NPSI score: continuous ongoing pain cluster

5.34 (4.42–6.26)

5.1 (4.04–6.16)

5.96 (5.09–6.84)

NPSI score: evoked pain cluster

2.4 (1.68–3.12)

2.77 (1.96–3.57)

3.73 (2.85–4.6)

2.34 (1.72–2.96)

3.23 (2.27–4.18)a

a

NPSI score: paroxysmal pain cluster

1.4 (0.74–2.05)

NPSI score: burning pain cluster

3.06 (2.19–3.92)

3.4 (2.49–4.31)

4.17 (3.22–5.13)

NPSI score: electric shocks cluster

3.03 (2.28–3.77)

3.4 (2.71–4.08)

3.97 (3.1–4.85)

MPQ score

8.93 (7.96–9.9)

9.58 (8.56–10.6)

10.61 (9.38–11.84)

Pain medications in use, n

0.92 (0.68–1.16)

0.9 (0.74–1.07)

0.89 (0.69–1.08)

Abbreviations: ACC = anterior cingulate cortex; BPI = Brief Pain Inventory; dTMS = deep transcranial magnetic stimulation; MPQ = McGill Pain Questionnaire;
NPSI = Neuropathic Pain Symptoms Inventory; PSI = posterior superior insula.
Values are presented as means from generalized estimating equations (95% confidence interval [CI]).
a
Statistical significance is considered when CIs from both groups do not intersect.

after treatment did not diﬀer between groups (table e-3 available from Dryad). While depression did not signiﬁcantly
change after real dTMS treatment, the anxiety symptoms
showed signiﬁcant changes between groups (p < 0.001).
ACC-dTMS caused a signiﬁcant decrease in Hospital Anxiety
and Depression Scale anxiety scores from baseline (−2.96,
95% CI −4.1 to −1.7) compared to sham-dTMS (−0.78, 95%
CI −1.9 to 0.3, p = 0.018) and PSI-dTMS (0.15, 95% CI −1.0
to 1.3, p < 0.001) arms (ﬁgure, B and table 2). Concerning the
main outcome measure, the 3 experimental treatments had
similar eﬀects on patients with right- or left-side–predominant
CNP (p = 0.276 for right-sided pain, p = 0.350 for left-sided
pain). In a comparison of the treatment response between
patients with right- and left-sided pain within each group,
patients with left-sided pain presented results after insular (p =
0.716) and ACC (p = 0.518) stimulation similar to those presenting with right-side–predominant pain. In addition, the different etiologies of CNP (i.e., CPSP, SCI) had similar response
to deep rTMS in all 3 arms (table e-3 available from Dryad).
Psychophysics
All baseline QST measurements were similar between groups.
Compared to baseline values, heat pain and warm detection
thresholds were signiﬁcantly higher on the painful side after
PSI compared to sham-dTMS at the 12th week of treatment
(ﬁgure, C.a and C.b). Diﬀerences in heat pain threshold were
signiﬁcantly diﬀerent across groups (p = 0.026). Changes in
heat pain threshold after treatment was signiﬁcantly larger
(i.e., increase in threshold) in the PSI-dTMS group (1.58,
95% CI 0.09–3.06) than in the sham (−1.02, 95% CI −2.10 to
0.04, p = 0.014) and ACC-dTMS (−0.16, 95% CI −1.27 to
0.94, p = 0.014) groups. No signiﬁcant changes were seen
after ACC simulation. Similarly, warm detection thresholds
were signiﬁcantly aﬀected by insular stimulation (p = 0.001).
e2170
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PSI-dTMS provided signiﬁcantly larger increase in warm
detection threshold (2.07, 95% CI 0.48–3.66, p = 0.006)
compared to ACC-dTMS (−0.70, 95% CI 0.44 to −1.84, p <
0.001) and sham-dTMS (−1.83, 95% CI −0.57 to −3.10, p =
0.006). Changes in cold pain and cool detection thresholds
were not diﬀerent between groups (table 2).
Cortical excitability
CE was measured bilaterally over the primary motor cortex.
Normative data from healthy controls allowed us to classify
each CE parameter as normal, high, or low on the basis of the
95% CI (table e-4 available from Dryad, doi.org/10.5061/
dryad.630mg39). This revealed that patients with CNP from
the 3 treatment arms had similar CE values, which were abnormal in >80% of the individuals for nearly all measured
parameters. In general, most motor evoked potential amplitudes tended to be low in patients with CNP. Paired-pulse–
based responses such as intracortical inhibition were high
(defective intracortical inhibition), while intracortical facilitation had a tendency to be show low results compared to
reference data from healthy individuals. Despite this altered
baseline proﬁle, which was similar between groups, active
dTMS of either the PSI or ACC caused no signiﬁcant changes
in CE measurements on the last day of stimulation, and no
group diﬀerences were detected (table e-5 available from
Dryad).
Safety
Adverse events were systematically assessed by a printed form
at the end of each stimulation session. Pain (mostly headaches) after each dTMS was the most prevalent adverse event.
The average pain score (NRS score 0–10) during the stimulation sessions was 2.0 ± 3.4 for the PSI group, 2.6 ± 3.3 for the
ACC group, and 2.0 ± 3.3 for the sham-dTMS group. Other
Neurology.org/N
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Baseline

p Value

W12

ACC-dTMS vs
sham-dTMSb

PSI-dTMS vs
ACC-dTMSb

0.134

0.018b

0.0001b

0.913

0.684

0.793

0.782

14.2 ± 7.6

0.939

0.916

0.814

0.916

17.5 ± 14.6

19.6 ± 14.1

0.503

0.585

0.887

0.279

34.4 ± 12.9

35.5 ± 10.8

35.5 ± 11.4

0.853

0.816

0.326

0.905

21.3 ± 2.8

22.3 ± 3.4

22.9 ± 3.8

22.3 ± 3.5

0.825

0.719

0.845

0.819

32.6 ± 12.1

36.4 ± 11.5

37.6 ± 12.5

40.4 ± 12.9

39.6 ± 13.7

0.447

0.668

0.822

0.525

42.1 ± 10.0

41.6 ± 10.5

43.0 ± 9.7

33.2 ± 11.9

36.6 ± 14.0

36.9 ± 15.1

0.847

0.606

0.860

0.542

Vitality

44.6 ± 14.4

40.2 ± 12.9

45.6 ± 15.3

45.6 ± 14.8

45.4 ± 14.6

43.8 ± 14.8

0.326

0.905

0.853

0.816

Social functioning

36.3 ± 14.6

36.3 ± 14.2

38.4 ± 15.1

37.9 ± 15.8

36.7 ± 14.1

35.8 ± 11.7

0.845

0.819

0.825

0.719

Role-emotional

17.1 ± 5.2

16.4 ± 5.3

16.4 ± 5.1

17.2 ± 5.1

18.6 ± 5.1

17.9 ± 5.4

0.822

0.525

0.447

0.668

Mental health

40.9 ± 13.1

43.7 ± 11.0

41.3 ± 12.1

40.1 ± 10.9

43.2 ± 9.6

43.2 ± 11.6

0.860

0.542

0.847

0.606

6.6 ± 12.9

17.8 ± 12.1

16.6 ± 11.2

18.1 ± 11.9

20.3 ± 10.1

16.4 ± 12.8

0.906

0.679

0.468

0.345

0.006d

PSI-dTMS

ACC-dTMS

Sham-dTMS

PSI-dTMS

ACC-dTMS

Sham-dTMS

Change in score
between groupsa

Anxiety

8.5 ± 5.4

8.2 ± 4.0

7.8 ± 4.7

8.6 ± 5.6

5.5 ± 4.2

7.0 ± 4.8

0.001c

Depression

8.4 ± 5.1

8.0 ± 4.7

7.3 ± 4.1

8.2 ± 5.0

6.4 ± 5.5

7.1 ± 4.0

Total

16.9 ± 10.3

16,2 ± 8.1

15.2 ± 8.1

16.9 ± 10.0

12.0 ± 9.1

PCS score

28.1 ± 15.5

24.0 ± 12.9

25.4 ± 13.0

25.7 ± 16.1

Physical functioning

32.5 ± 12.8

31.5 ± 9.6

33.3 ± 11.0

Role-physical

21.4 ± 3.0

20.9 ± 4.5

Bodily pain

33.7 ± 11.4

General health

PSI-dTMS vs
sham-dTMSb

HADS score

SF-12 score
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Table 2 Results from mood, catastrophizing, quality-of-life, and QST parameters for painful side at baseline and end of the study

QST
CDT, °C

0.767
d

d

WDT, °C

40.8 ± 6.5

40.1 ± 6.4

41.9 ± 6.4

42.9 ± 5.9

39.5 ± 5.7

40.0 ± 6.4

0.001

CPT, °C

7.0 ± 8.7

7.4 ± 9.2

5.5 ± 7.7

7.7 ± 8.6

5.9 ± 6.8

7.3 ± 8.7

0.441

0.864

0.197

0.0326

HPT, °C

47.2 ± 3.5

47.4 ± 3.3

47.6 ± 2.1

48.9 ± 2.1

47.2 ± 3.3

46.6 ± 3.5

0.025c

0.014c

0.703

0.029c

<0.001

Abbreviations: ACC = anterior cingulate cortex; CDT = cold detection threshold; CPT = cold pain threshold; dTMS = deep transcranial magnetic stimulation; HADS = Hospital Anxiety and Depression Scale; HPT = heat pain
threshold; PCS = Pain Catastrophizing Scale; PSI = posterior superior insula; QST = quantitative sensory testing; SF-12 = Health Survey Quality of Life Questionnaire; WDT = warm detection threshold.
Values are presented as mean ± SD.
a
Kruskal Wallis test between the 3 groups.
b
Mann-Whitney for changes in scores between groups in pairwise comparisons.
c
Significance set at p < 0.05 after Kruskal-Wallis for differences in the change in score among the 3 groups.
d
p < 0.0125 for Bonferroni correction.
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side eﬀects such as seizures, syncope, falls, persistent headaches, and transient or persistent new neurologic deﬁcits did
not occur.
Blinding assessment
At the end of the study, only 40.6% of the participants in the
PSI-dTMS reported that they were able to tell which group
they were allocated to, and among them, 61.5% guessed
it right. In the ACC-dTMS group, these proportions were
62.6% and 60.0%; and in the sham-dTMS group, 61.2%
and 57.0%, respectively. When the patients were asked if they
would like to maintain the sessions of dTMS for a longer
period, should this option be oﬀered to them, aﬃrmative
answers were given by 62.5% of the PSI, 67.7% of the ACC,
and 64.5% of the sham-dTMS patients. These proportions
were not signiﬁcantly diﬀerent.

Discussion
The experience of pain is a percept constructed by the interaction of nociceptive ascending inputs with corresponding
motivational-emotional and cognitive-evaluative appraisal.
Previous attempts to control neuropathic pain by rTMS were
aimed mainly at M1 stimulation, and the eﬃcacy of repetitive
stimulation sessions has not yet been determined. In a recent
guideline,36 this limitation has been acknowledged, and the
performance of longer studies with multiple maintenance
sessions has been supported. Two important deep cortical
areas emerge as playing an important role in the central integration of physiologic pain and in the maintenance of central pain: the ACC and the PSI. The ACC is part of the
salience network (core control)37 and is functionally connected to the anterior insula, being responsible for switching
between large-scale networks to facilitate access to attention
of salient stimuli, thus integrating sensory inputs to motor,
motivational, and mood response, playing a crucial role in the
advent of the aﬀective aspects of pain20,38 The PSI is a major
recipient of spinothalamic inputs to the cortex39 and is
thought to participate in the discrimination of painful and
nonpainful (e.g., cold) inputs. Functional neuroimaging
studies in humans have shown that insula neurons are activated by acute or chronic pain states,40 and data from rodent
models have revealed that insular neurons can be activated by
electric and chemical nociceptive inputs. Direct electric activation of the posterior insula triggers painful sensations in
humans, and lesions to the insula reduce pain perception
in diﬀerent body areas. In addition, opioids cause depression
of excitatory propagation in the insular cortex in rodents, and
insula deep brain stimulation led to opioid- and cannabinoiddependent analgesic eﬀects in a rat model of peripheral
neuropathic pain.19 It has been proposed that the insula has
a tonic hyperalgesic eﬀect, with glutamatergic projections to
the ipsilateral amygdala and to GABAergic brainstem neurons
projecting to descending modulatory nuclei in the brainstem.
Thus, its activation during physiologic conditions would
couple the aversive component of the nociceptive stimulus
e2172
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with a loss of top-down discriminatory output to the spinal
cord, which would gate its tonic inhibitory inputs to ascending
somatosensory inputs (i.e., loss of discrimination, loss of
descending inhibition; pronociceptive). In summary, this
model proposes that the insula possesses a pronociceptive
role when hyperactive, such as in cases of CNP, and local
lesions, local injection of opioids, or high-frequency stimulation by deep brain stimulation19,41 would decrease its activity
and prompt antinociceptive behavior. In this model, the ACC
would also be hyperactive in neuropathic pain and would be
an important hub in the integration of the aﬀective-emotional
components of neuropathic pain.16 Here, we have tested the
hypothesis that deep TMS of the disinhibited/overactive
posterior insula or the ACC by high-frequency stimulations
would provide frequency overriding the eﬀects of the corresponding networks, leading to pain relief due to functional
inhibition of these structures.
In the present study, we exclusively used deep rTMS. In all
groups, stimulation intensity was based on the determination
of motor threshold from the leg representation within M1.
This approach is frequently used as the best estimation of the
electromagnetic ﬁeld intensity required to reach the deeply
located target, because the leg area is deeply located within the
hemispheres, ≈4 to 5 cm from the scalp. In fact, in a recent
study,42 investigators performed theta-burst stimulation of the
PSI cortex by TMS using the double-cone coil using the same
protocol as ours and found similar eﬀects on heat pain
thresholds in healthy volunteers. In this same study, the
authors also measured the distance from the scalp to the PSI
and from the scalp from the leg area of M1 for each participant
individually and found results similar to ours.25 The ACC
cortex was aimed at by the use of an H coil, similar to what has
been reported in other studies and replicated.30 Recently,
dTMS using this same strategy has been granted US Food and
Drug Administration approval for obsessive-compulsive disorder treatment. One major point attesting that this strategy
actually reaches the PSI and ACC cortices and provides biological eﬀects is that we did ﬁnd antinociceptive eﬀects only
in the PSI arm, and a signiﬁcant eﬀect on anxiety scores was
obtained in the ACC group.
In summary, our results showed that the eﬀects of both active
dTMS arms on the clinical pain-related outcomes of the study
were all not signiﬁcantly diﬀerent from sham stimulation.
However, despite the absent eﬀect on the clinical pain in
CPN, we have detected a signiﬁcant antinociceptive eﬀect of
insular stimulation compared to sham stimulation, of a magnitude similar to what has been reported after direct stimulation of the insular cortex during stereo-EEG performed
before epilepsy surgery41 and in rats in a model of neuropathic
pain and optogenetics-based ACC stimulation and posterior
insular lesion.20 We found a signiﬁcant increase in warm detection and heat pain thresholds over the painful area after PSI
stimulation, which were true antinociceptive/antiallodynic
eﬀects (increase in threshold). This ﬁnding is superimposable to previous investigators41 who described thermal heat
Neurology.org/N
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antinociceptive eﬀects after direct insular high-frequency
stimulation (i.e., functional inhibition) in humans under
stereo-EEG for surgical epilepsy mapping. This is further
evidence suggesting that the present neuronavigated noninvasive stimulation protocol was accurate in its insular targeting. We have also found a signiﬁcant anxiolytic eﬀect of
ACC stimulation in patients with CNP compared to sham
stimulation, which was dissociated to the eﬀects on clinical
pain relief. Our ﬁndings in humans are of striking resemblance
to those of an experimental study in which neuropathic pain
was induced in mice in which lesions to the ACC reduced
exclusively anxiodepressive behaviors related to pain but did
not inﬂuence its associated abnormal sensory mechanical
thresholds. Then, lesions to the posterior insula were performed, and all mood-related behaviors occurring as a result
of neuropathic pain remained present20 despite changes in
mechanical thresholds. The authors also showed that optogenetic-based43 stimulation of the ACC at a high frequency
(20 Hz) was able to induce anxiety behaviors in naive rats,
supporting the idea that pain can change (i.e., increase) the
baseline activity of speciﬁc cortical areas and that lesions (or
high-frequency stimulation) to these areas can aﬀect the different dimensions of the pain experience diﬀerently and
speciﬁcally.
In the PSI group, the right hemisphere was chosen for several
reasons. In one of the largest studies of thalamic CPSP, rightsided infarctions were more commonly associated with CPSP
than left-sided infarctions, a ﬁnding believed to be consistent
with evidence that the right hemisphere is important in pain
mediation and body image representation.44 In fact, rightsided posterior insular electric stimulations were more frequently associated with evoked pain in humans compared to
the left side. A cumulating body of evidence links the right
insula to a main role in large-scale switching, and recent evidence has found this structure also to drive altered network
disruption in patients with chronic pain.18 In addition, left
insula activation is related to potential bradycardia, and its
high-frequency stimulation could potentially generate
language-related side eﬀects.45 Notably, both the insula and
ACC have neurons with large receptive ﬁelds, and one could
hypothesize that analgesic eﬀects would occur bilaterally, as
has been reported for unilateral M1 stimulation in healthy
participants and patients with chronic pain. Unilateral ACC
stimulation has indeed triggered bilateral analgesic eﬀects in
patients with ﬁbromyalgia,46 and insular stimulation during
stereo-EEG triggered bilateral sensory responses on direct
electric insular stimulation; both high- and low-frequency
direct electric stimulation of the superior aspect of the
middle short gyrus triggered bilateral pain in the craniofacial
region, the throat, and the upper limbs, spreading to the
chest and shoulders bilaterally.47 Patients with CPSP frequently have pain in large areas of the body, or, as in the case
of SCI-related neuropathic pain, symptoms are frequently
either axially located (dorsum or lower back or are in fact
bilateral).48,49 For these reasons, we hypothesized that rightsided insular stimulation would provide diﬀuse and bilateral
Neurology.org/N

eﬀects in patients with both types of CPN. Changes in warm
and heat pain thresholds after PSI-dTMS occurred in the
pain area, regardless of the side of pain, which further supports our results.
In the present study, we have included patients with diﬀerent
etiologies of CNP. Several studies have demonstrated that
the mechanisms and pathophysiology behind neuropathic
pain do not cluster according to its etiology (i.e., diabetic
polyneuropathy). Instead, it has been shown that a single
etiology may cause neuropathic pain of diﬀerent mechanisms, and diﬀerent etiologies may share the same mechanisms. Even meta-analyses of the placebo eﬀect in CNP trials
have demonstrated that placebo responses are not inﬂuenced by the etiology of CNP or its severity. In addition, we
performed secondary analyses searching for etiology-based
responses (table e-3 available from Dryad, doi.org/10.5061/
dryad.630mg39). We found that both PSI-dTMS and ACCdTMS were not superior to sham stimulation even when
stratifying patients by type of CNP (i.e., CPSP and SCI
pain).
Concerning other aspects of the trial, we found that dTMS to
the ACC and PSI was safe, with no major side eﬀects except
for the signiﬁcant increase in paroxysmal symptoms of neuropathic pain mentioned above in the PSI group. We also
found a signiﬁcant placebo eﬀect in this trial. Large sham
eﬀects are relatively common in TMS studies for chronic pain
and major depression. Recent data suggest that patients with
CNP have signiﬁcant placebo responses, regardless of the
etiology of the lesion (stroke, SCI) or the type of analgesic
therapeutic intervention used. Our blinding assessment
showed that participants were eﬀectively blinded to their experimental arm, and allocation concealment was well performed. In addition, approximately one-third of the
participants were allocated to the sham arms, which comprised 2 types of sham stimulation: one for the ACC and
another for the PSI, because these dTMS techniques use
diﬀerent coils. We found no signiﬁcant diﬀerences between
the placebo eﬀect of these 2 sham procedures. A similar lack of
diﬀerence of sham noninvasive cortical stimulation techniques has been reported previously in the only other head-tohead noninvasive neuromodulation published to date for
chronic pain relief.32
High-frequency dTMS to the (right) PSI or to the ACC
has no clinically signiﬁcant eﬀects compared to sham in
CNP, at least when used separately. However, these
interventions provided signiﬁcant antinociceptive (PSIdTMS) and anxiolytic (ACC-dTMS) eﬀects, proving an
active biological eﬀect of the stimulation and supporting
their targeting accuracy. This information not only may be
useful in the design of future noninvasive stimulation
paradigms for CNP but also may provide insights into the
physiopathology of CNP, a prevalent and refractory form
of chronic pain that still lacks evidence-based interventions for its control.
Neurology | Volume 92, Number 18 | April 30, 2019
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