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Invasive Motor Cortex Stimulation Inﬂuences
Intracerebral Structures in Patients With
Neuropathic Pain: An Activation Likelihood
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Objective: Invasive motor cortex stimulation (iMCS) has been proposed as a treatment for intractable neuropathic pain syndromes. Although the mechanisms underlying the analgesic effect of iMCS remain largely elusive, several studies found iMCSrelated changes in regional cerebral blood ﬂow (rCBF) in neuropathic pain patients. The aim of this study was to meta-analyze
the ﬁndings of neuroimaging studies on rCBF changes to iMCS.
Methods: PubMed, Embase, MEDLINE, Google Scholar, and the Cochrane Library were systematically searched for retrieval of
relevant scientiﬁc papers. After initial assessment of relevancy by screening title and abstract by two investigators, independently, predeﬁned inclusion and exclusion criteria were used for ﬁnal inclusion of papers. Descriptive results were statistically
assessed, whereas coordinates were pooled and meta-analyzed in accordance with the activation likelihood estimation (ALE)
methodology.
Results: Six studies were included in the systematic narrative analysis, suggesting rCBF increases in the cingulate gyrus, thalamus, insula, and putamen after switching the MCS device “ON” as compared to the “OFF” situation. Decreases in rCBF were
found in for example the precentral gyrus and different occipital regions. Two studies did not report stereotactic coordinates
and were excluded from further analysis. ALE meta-analysis showed that, after switching the iMCS electrode “ON,” increased
rCBF occurred in the (1) anterior cingulate gyrus; (2) putamen; (3) cerebral peduncle; (4) precentral gyrus; (5) superior frontal
gyrus; (6) red nucleus; (7) internal part of the globus pallidus; (8) ventral lateral nucleus of the thalamus; (9) medial frontal
gyrus; (10) inferior frontal gyrus; and (11) claustrum, as compared to the “OFF” situation. Reductions in rCBF were found in the
posterior cingulate gyrus when the iMCS electrode was turned “OFF.”
Conclusions: These ﬁndings suggested that iMCS induces changes in principal components of the default mode-, the
salience-, and sensorimotor network.
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ALE ANALYSIS OF IMCS INDUCED CHANGES IN THE BRAIN

INTRODUCTION
Neuropathic pain is a subjective state that arises as a direct consequence of a lesion or disease affecting the somatosensory system
(1), which is clinically characterized by shooting pain and burning
sensations, although established diagnostic criteria are still lacking
(2). The somatosensory system that processes nociceptive information consists of an ascending system, a pain modulating descending
system, and the corresponding supraspinal sites that together form
the neuromatrix for pain (3,4). Insight into the way these regions are
involved in processing noxious, input is thought to be of crucial
importance in understanding neuropathic pain and to improve its
treatment (5). For example, Treede et al. reported that various cortical areas are involved in the processing of pain (6,7), which provided
a scientiﬁc rationale for cortical-centered treatment methods in (pre)
clinical settings to alleviate pain.
One of these treatment options concerns invasive motor cortex
stimulation (iMCS). iMCS was introduced in the early 1990s as a possible treatment option for intractable central neuropathic pain (8,9).
In iMCS, an electrode is placed on a target area of the primary motor
cortex which matches the somatotopic site of the corresponding
pain. Stimulation of this target area below the threshold for muscle
activity alleviates chronic pain in patients (10). Because the ﬁrst
reports, numerous studies provided evidence for the effectiveness
of iMCS in experimental, double-blinded randomized controlled trials (11–13) and in clinical settings (for a review, see ref. (14)). The
underlying mechanisms of action of iMCS remains elusive, but is
proposed to involve a distributed network of brain regions (15). In
humans, the effects of iMCS have been mainly investigated by use
of neuroimaging studies measuring the modiﬁcations in rCBF. The
vast majority of studies have used positron emission tomographycomputed tomography (PET-CT) as this technique is compatible
with implanted electrodes and allows for detecting changes in
cerebral blood ﬂow during stimulation. Nonetheless, a systematic
overview of the neuroimaging results, using specially designed
meta-analysis methods, is lacking. One of these specially designed
methods comprises activation likelihood estimation (ALE).
ALE was introduced in 2002 (16) and has grown to become one
of the most commonly used algorithms for coordinate-based
meta-analyses, and it is part of the BrainMap software suite (17,18)
(http://brainmap.org/ale). The central thought in the ALE methodology is that foci reported in neuroimaging studies should be regarded as spatial probability distributions centered at given
coordinates rather than dimensionless points. This approach therefore accommodates the spatial uncertainty associated with neuroimaging ﬁndings by using the reported coordinates as the most
optimal point estimator, whereas it uses a (Gaussian) spatial variance model at the same time (19). ALE maps are then obtained by
computing the union of activation probabilities across experiments
for each voxel (20). Finally, true convergence of foci is distinguished from random clustering of foci (i.e., noise) by testing
against the null-hypothesis of random spatial association between
different settings (e.g. ON vs. OFF, different experiments) (16,21).
The present study quantitatively analyzes the neuroimaging results
on rCBF alterations induced by iMCS by using the ALE method.

MATERIALS AND METHODS

Statistical Analysis
Ginger ALE software, version 2.3.6 (http://brainmap.org/ale/)
was used to assess common patterns of gray matter functional
changes. ALE analysis is known to treat foci from neuroimaging
studies as spatial probability distributions, centered at given coordinates rather than as single foci points. For each voxel, ALE analysis estimated the cumulative probabilities of at least one of the
included papers discussed activation for that focus. ALE maps
were subsequently obtained by computing the union of activation probabilities for each voxel. Differentiation between true convergence of foci and random clustering was controlled for by
using a permutation procedure (19,20,22). By using random
effects within the ALE methods, variable uncertainty based on the
sample size was incorporated into the algorithm (21). Such a random effects model was considered to assume a higher than
chance likelihood of consensus between different experiments,
but not in relation to activation variance within each study. During an ALE analysis, each activation focus is modeled as the center of a Gaussian probability distribution and is used to generate
a modeled activation map for each study. Foci coordinates that
are not expressed in Talairach-coordinates (i.e., MNI-coordinates)
were transformed into Talairach space by use of the icbm2tal
function to create a homologous dataset of coordinates (23). A
recommended conservative threshold of p < 0.001 was chosen
with a minimum cluster size of 100 mm3 to control for publication
bias with regard to reported foci (as recommended (24)). All
numerical statistical data was analyzed using IBM SPSS Statistics
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Search Strategy and Assessment of Papers
Five investigators (E.G., M.v.d.H., M.K., S.L., and D.H.) each systematically searched one of the following online databases:

PubMed, Embase, MEDLINE, Google Scholar, and the Cochrane
Library, with assistance of an independent librarian. Searches
were conducted to capture studies published between January
1986 and December 2018. Keywords included: “Motor Cortex
Stimulation,” “Mechanisms,” “Neuroimaging studies,” “Physiology,”
“Positron emission tomography-computed tomography (PET-CT),”
and “Analgesic effects.” To enrich the results, Medical Subject
Headings (MeSH-) terms with major subheadings were added to
the search strategy (please see the Supplementary Materials). All
papers were initially screened on title and abstract to assess its
relevance by two investigators, independently. When the investigators disagreed on the relevance of a paper and could not reach
consensus, a third investigators (D.H.) made the ﬁnal decision to
include the paper for full-text analysis or not. During the full-text
analysis, papers were assessed by use of predeﬁned inclusionand exclusion criteria. Inclusion criteria were: (1) Human studies;
(2) iMCS carried out to alleviate pain (either clinical or experimental); (3) primary outcome of the paper was the PET-CT based
changes in cerebral blood ﬂow in brain areas. Exclusion criteria
comprised: (1) Computer-model studies; (2) other forms of
neuromodulation than iMCS; and (3) disorders other than neuropathic pain. Systematic reviews and articles written in other languages than English were excluded as well. Observational studies,
case reports, and randomized-controlled trials were excluded
when they did not report on the mechanisms of action of
neuromodulation in ameliorating pain. Preparation of data extraction was done by use of pilot testing, using a representative sample of papers. A ﬁnal database was built in IBM SPSS Statistics
version 25 containing (1) information on the study design,
(2) number of subjects, (3) characteristics of the subjects investigated, (4) pain syndrome investigated, (5) applied methodology,
and (6) PET-CT results presented by use of Talairach- or Montreal
Neurological Institute (MNI)- coordinates.

VOLKERS ET AL.
version 25 (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.).

RESULTS
In total, 232 articles were retrieved after conducting the
searches. After removal of duplicates (n = 76), a total of 156 papers
remained. A total of 142 papers were thereafter excluded based
on title and abstract, resulting in 14 remaining articles. After indepth, full-text analysis and application of the predeﬁned inclusion and exclusion criteria, a total of six papers were included
(Fig. 1). Four of these studies could be enrolled in the ALE metaanalysis as these studies accompanied their results with Talairachor MNI-coordinates. All of the included papers used 15O-labeled
water positron emission tomography (H215O-PET) to measure
changes in regional cerebral blood ﬂow (rCBF). For a detailed
overview per study, see Table 1.
Clinical Effectiveness of iMCS in the Included Papers
In total, the analgesic effect of iMCS was evaluated clinically in
47 patients. Patients included in this meta-analysis suffered from
central post-stroke pain in 32 cases (68%), brachial plexus avulsion
pain in 11 cases (24%), spinal trauma in one case (2%), and intractable neuropathic radiculopathy in three cases (6%). To assess the
clinical effectiveness of iMCS, the study of Kishima et al. (2007)

(25) needed to be excluded as they did not provide numbers of
responders (>40% pain relief in pain intensity score) and/or nonresponders (<40% pain relief in pain intensity score). In the
remaining pool of patients, 51% of the cases could be labeled as
responders, experiencing a fair/satisfactory pain relief. The
remaining 49% of the cases were regarded as non-responders.
Overview of the Changes of Cerebral Blood Flow Induced
by iMCS
Studies suggested that rCBF increases in the cingulate gyrus
and thalamus due to iMCS in chronic neuropathic pain patients
(25–30). In addition, rCBF increases were observed in the
brainstem (26–28,30), insula (25,27,28), the putamen (30),
orbitofrontal cortex (25,26,28,30), rectus gyrus (29), left superior
frontal gyrus (29), and other prefrontal areas (25,30). Decreases in
rCBF were found in the precentral gyrus (25), extrastriate visual
regions (27), occipital regions (28), right superior temporal gyrus,
and the left middle occipital gyrus (29).
ALE Meta-Analysis Results
The four studies totaled 36 patients (21 males, 15 females) with
a median age of 53 years (range 25–72 years). Median duration of
pain showed to be 6.5 years (ranging from 0.8–23.9 years). In
12 patients (33.3%), the iMCS electrode was implanted over the
left primary motor cortex, whereas in 24 patients (66.6%), the

438

Figure 1. Flow-chart describing the study selection methods. ALE meta-analysis = activation likelihood estimation meta-analysis; iMCS = invasive motor cortex
stimulation; N = number of papers.
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56.5  6.3
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48.4  11.8

58.0

X

X

63.0  12.7

X

Median
duration
of pain
(range)

Mean age
(SD)

L=0
R=6

L=8
R = 11

L=0
R=1

L=3
R=7

X

L=1
R=1

iMCS device
implanted
L/R

Intractable
deafferentation
pain

Neuropathic
pain

Poststroke pain

Unilateral
neuropathic
pain

Neuropathic pain

Refractory chronic
post-stroke pain

Condition

Not speciﬁed

Pain relief
< 40%

Not speciﬁed

Pain relief
≤ 40%

Pain relief
≤ 40%

Not speciﬁed

Deﬁnition of a
non-satisfactory
pain relief

(1) Increase in CBF in the ipsilateral thalamus, orbitofrontal cortex, CG, and
brainstem
(2) The CBF increase in the thalamus was sustained in both patients
(3) The increase in CBF was rapidly reversible at the end of the stimulating
period in the orbitofrontal cortex
(1) Signiﬁcant CBF increase was observed in the ipsilateral thalamic nuclei
ventralis lateralis and a part of the ventralis anterior
(2) Subsigniﬁcant increases in CBF were observed in the left insula, the
perigenual portion of the ACC and the upper brainstem
(3) Decrease in CBF was observed in the extrastriate visual regions
(4) Mean blood ﬂow in the ACC increased during iMCS only in patients
with good analgesic efﬁcacy
(1) iMCS increased CBF in the ventrolateral thalamus ipsilateral to
stimulation, the ipsilateral medial thalamus, contralateral ACC,
orbitofrontal cortex, contralateral anterior insula, and ipsilateral upper
brainstem
(2) Decrease in CBF was found in the occipital regions both ipsilateral and
contralateral to iMCS
(1) Increases in CBF left (contralateral) rectus gyrus, left (contralateral)
superior frontal gyrus, left (contralateral) anterior CG and left
(contralateral) thalamus
(2) Decreased CBF in the right (ipsilateral) superior temporal gyrus and in
de left (contralateral) middle occipital gyrus
(1) After iMCS, CBF changes were seen in the contralateral MCC,
contralateral pgACC, contralateral putamen, contralateral PAG,
ipsilateral pre-motor cortex, orbitofrontal cortex, thalami, posterior
cingulate, prefrontal areas, and pons
(2) There is a correlation between the pgACC and PAG, basal ganglia, and
lower pons activities
(1) Increased CBF in the left (contralateral) insula, left (contralateral)
posterior thalamus, right (ipsilateral) orbitofrontal cortex, and left
(contralateral) ACC
(2) Decreased CBF in the right (ipsilateral) precentral gyrus, and right
(ipsilateral) prefrontal gyrus

Findings

iMCS modulates the pathways from the posterior insula and
orbitofrontal cortex to the posterior thalamus to upregulate
the pain threshold and pathways from the posterior insula to
the caudal ACC to control emotional perception

Yes

Yes

Yes

iMCS induces modiﬁcations in CBF, probably mediated by
synaptic changes, in the thalamus and other pain related
areas

iMCS may act in part through descending inhibitory controls
that involve prefrontal, orbitofrontal, and ACC as well as
basal ganglia, thalamus and brainstem

Yes

No

No

Coordinates
provided

Descending axons, rather than apical dendrites, are primarily
activated by iMCS and the motor thalamus is the key
structure in mediating functional effects of iMCS

iMCS is associated with an increased CBF in brain regions
described as being involved in pain control. The analgesic
effect is likely to be mediated by a somatotopically
organized mechanism leading to an inhibition of spinal
nociceptive reﬂexes, mediated by synaptic changes
Activation of thalamic nuclei directly connected with motor and
premotor cortices could entail a cascade of synaptic events
in other pain-related structures, including the ACC and the
PAG

Conclusion

ACC, anterior cingulate cortex; BOLD, blood oxygen-level dependent; CG, cingulate gyrus; iMCS, invasive motor cortex stimulation; L, Left; MCC, midcingulate cortex; N, number of participants; PAG,
periaqueductal gray; pgACC, pregenual anterior cingulate cortex; R, Right; SD, standard deviation; X, missing.

N

Author
(year)

Table 1. Overview of Studies That Investigate the Possible Mechanisms Involved in the Anti-Nociceptive Effects of iMCS.
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Figure 2. ALE map investigating increased cerebral blood ﬂow as measured by H215O-PET caused by ON vs. OFF invasive motor cortex stimulation. This image
summarizes the results of all the papers involved in this meta-analysis on changes in cerebral blood ﬂow induced by active invasive motor cortex stimulation. Red
color shows gray matter decreases (ALE maps were computed at a threshold of p < 0.001). [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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iMCS electrode was implanted over the right primary motor cortex. The included patients suffered from various neuropathic pain
syndromes.
ALE meta-analysis showed that increased rCBF occurred in
11 clusters after switching “ON” the iMCS device. These clusters
included the (1) anterior cingulate gyrus, (2) putamen, (3) cerebral
peduncle, (4) precentral gyrus, (5) superior frontal gyrus, (6) red
nucleus, (7) medial/internal part of the globus pallidus, (8) ventral
lateral nucleus of the thalamus, (9) medial frontal gyrus, (10) inferior frontal gyrus, and (11) claustrum. A visual overview can be
found in Fig. 2. ALE meta-analysis suggested a decreased cerebral
blood ﬂow in the posterior cingulate gyrus after switching “ON”
the iMCS device. A visual overview can be found in Fig. 3 and
Table 2.

network, mixed responses were observed. Decreased rCBF was
observed in the posterior cingulate cortex, whereas the prefrontal
cortex showed increased rCBF. These activation patterns can be
associated with (de)activation of regions which have been revealed as key nodes in the pain matrix of the brain (31). When
compared to results from studies using non-invasive stimulation
methods of the primary motor cortex, these ﬁndings are partially
discordant. For example, Ohn et al. (2012) showed that the
antalgic effects induced by repetitive transcranial magnetic stimulation (rTMS) of the motor cortex are mediated by decreased
activity in the sensorimotor cortex, insula, anterior cingulate gyrus,
and cerebellum as measured by fMRI (32). However, despite the
opposite neurophysiological evidence, it has been shown that
rTMS can be used to predict the effect of iMCS (33,34). The underlying mechanisms, however, remain largely elusive.

DISCUSSION

Neuroimaging Studies on the Mechanisms of iMCS in Animal
Pain Models
Animal-based studies have extensively investigated the
correlates underlying the analgesic effects of iMCS, although neuroimaging studies have been infrequently carried out. Using
2-deoxy-[18F]ﬂuoro-d-glucose (18F-FDG) PET-CT in rats after iMCS,
it was observed that changes occurred in glucose metabolism in

This study systematically analyzed iMCS-related changes in rCBF
in patients with neuropathic pain. Results suggested signiﬁcant
activation of the salience network ([mid]cingulate cortex) and sensorimotor network (thalamus, primary motor cortex, corticospinal
tract/cerebral peduncle). With regard to the default mode
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Table 2. Regional Changes in Cerebral Blood Flow as Measured by H215O-PET Induced by ON vs. OFF Invasive Motor Cortex Stimulation.
Cluster #

Volume (mm3)

Weighted center
Extrema value
Label
x
y
z
Regions in which increased cerebral blood ﬂow was induced by active invasive motor cortex stimulation
1
2129
−4.0
34.0
8.0
0.027
Anterior cingulate gyrus
2
2032
−26.3
−5.5
10.3
0.025
Putamen
3
520
−6.1
−22.0
−15.7
0.017
Cerebral peduncle
4
456
50.0
0.0
30.0
0.017
Precentral gyrus
5
456
−6.0
10.0
48.0
0.013
Superior frontal gyrus
6
264
6.0
−16.0
−8.0
0.013
Red nucleus
7
264
16.0
−6.0
−8.0
0.013
Medial globus pallidus
8
264
10.0
−12.0
8.0
0.013
Ventral lateral nucleus of the thalamus
9
264
22.0
40.0
20.0
0.013
Medial frontal gyrus
10
208
−14.6
26.2
−15.4
0.011
Inferior frontal gyrus
11
136
−31.9
−18.2
14.9
0.010
Claustrum

L/R

Brodmann area

L
L
L
R
L
R
R
R
R
L
L

Brodmann area 24
N/A
N/A
Brodmann area 6
Brodmann area 6
N/A
N/A
N/A
Brodmann area 9
Brodmann area 47
N/A

Regions in which decreased cerebral blood ﬂow was induced by active invasive motor cortex stimulation
1
152
30.0
−68.0
8.0
0.007
Posterior cingulate gyrus

R

Brodmann area 30

L, Left; R, Right.

various brain structures. In the striatum and thalamic area, glucose uptake was decreased by neuropathic pain. Particularly in
the right-sided striatum and thalamus, contralateral to the site of

Differences in rCBF Responses to iMCS Between Responders
and Non-Responders
Although this meta-analysis suggests that various brain regions
experience increased or decreased rCBF, the differences between
responders and non-responders could not be taken into account
at a meta-level. The present meta-analysis found that within the
included neuroimaging studies, 51% of the patients respond to
iMCS, which is in agreement with larger, more epidemiological
meta-analyses on this topic (14). However, how the neuroimaging
data was impacted by outcome, has only been investigated by
Maarraawi et al. They showed by using PET-CT that signiﬁcant
decreases of [11C]diprenorphine (a non-selective opioid antagonist) binding capacity were found in the anterior middle cingulate
cortex (MCC) and periaqueductal gray (PAG) after iMCS, which
correlated with pain relief (37). Furthermore, a signiﬁcant and positive correlation in levels of preoperative opioid-binding in the
insula, thalamus, PAG, anterior cingulate, and orbitofrontal cortex
and pain relief due to iMCS were found (38). These opioideric
regions highly correspond to the regions in which the present
meta-analysis found changes of rCBF induced by iMCS and might
provide an explanation for iMCS-induced analgesia (39). This
could indicate that rCBF changes induced by active vs. non-active
iMCS might not be the most important mechanism to explain
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Figure 3. ALE map investigating decreased cerebral blood ﬂow as measured
by H215O-PET caused by ON vs. OFF invasive motor cortex stimulation. This image
summarizes the results of all the papers involved in this meta-analysis on changes
in cerebral blood ﬂow induced by active invasive motor cortex stimulation. Red
color shows gray matter decreases (ALE maps were computed at a threshold of
p < 0.001). [Color ﬁgure can be viewed at wileyonlinelibrary.com]

placement of the iMCS electrode, the glucose uptake was
increased by iMCS. Increases in glucose uptake, as a measurement
of brain activity, could be in agreement with the ﬁndings of the
present ALE meta-analysis as we suggest increased cerebral blood
ﬂow occurs in comparable regions during active iMCS. Functionally, this could possibly be explained by suppressed interhemispheric inhibition. In the cerebellum, glucose uptake was
decreased by neuropathic pain and increased by iMCS (35).
Another study using functional magnetic resonance imaging
(fMRI) suggested signiﬁcant lower blood oxygen level dependent
(BOLD) responses in the primary somatosensory cortex (S1) and
prefrontal cortex following noxious stimulation after iMCS (36).
These areas with decreased BOLD responses are not in line with
brain areas that were found signiﬁcantly decreased rCBF by iMCS
according to the present ALE meta-analysis. Such disparities indicate that further research is needed.

VOLKERS ET AL.
clinical outcome. Hypothetically, alterations in the activity of
opioidergic brain regions might only be effective in patients with
favorable preoperative opioid-binding levels. This would indicate
that the analgesic effect of iMCS is non-dependent from rCBF, but
from the preoperative opioidergic-binding status. With regard to
non-invasive therapies, rTMS was found to reduce [11C]carfentanil
(opioid) binding potential in the ventral striatum, medial
orbitofrontal, prefrontal and anterior cingulate cortices, left insula,
superior temporal gyrus, dorsolateral prefrontal cortex, and
precentral gyrus of both hemispheres, as compared to sham stimulation (40). This is partially in agreement with the meta-analyzed
evidence presented here.

Possible Future Directions
Various studies have shown that neuroimaging can further our
understanding of chronic pain and can help us to deﬁne new
therapeutic options/targets (for a consensus paper, see ref. (41)).
Insights from neuroimaging studies could also open the ﬁeld of
neuromodulation for other pain disorders, for example diabetic
neuropathic pain. Neuroimaging studies in diabetic neuropathic
pain have shown that changes in resting state functional connectivity exists between patients and healthy controls, which includes
a decreased thalamocortical resting state functional connectivity
(42) and an aberrant default mode, represented by an impaired
parieto-fronto-cingulate network (43). Furthermore, patients with
painful diabetic neuropathy showed increased connectivity
between left anterior cingulate cortex and posterior cingulate cortex/precuneus, and the increased connectivity between medial
prefrontal cortex and left medial temporal region compared to
their controls (44). Finally, it was posited that ventrolateral periaqueductal gray-mediated descending pain modulatory system
dysfunction may reﬂect a brain-based pain facilitation mechanism
contributing to painful diabetic polyneuropathy. Based on these
ﬁndings, new studies should be conducted to investigate whether
similar networks are affected by iMCS in different pain syndromes
(i.e., diabetic neuropathic pain).
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Strengths and Limitations
One of the strengths of this review concerns the use of the
robust ALE methodology (19–21,45) to meta-analyze imaging
results in neuromodulation treatment. Another strength of this
paper comprises the homogeneity of the neuroimaging methods
used in the included papers. Nevertheless, the ALE methodology
also knows several limitations including the absence of nullﬁndings when weighing the results and the fact that the
weighing of the data is mainly based on sample size. Another limitation is that other sophisticated neuroimaging methods, including various MRI techniques, were not included in this metaanalysis. However, this limitation can be explained by the fact that
the neuromodulation devices used in iMCS are not MR conditional. Another possible limitation concerns that several factors
(e.g., variability in pain relief induced by iMCS, variability in
included pain syndromes, variability in duration of pain, differences in acquisition protocols and timing) might have introduced
heterogeneity in the included studies. However, the authors were
unable to ﬁnd an appropriate method to control for these factors.
However, results from the included publications were rather
homogeneous. Another possible limitation of this paper is that
the selected studies came from only two research groups: Peyron
and Garcia-Larrea from France and Saitoh and colleagues from

Japan. Nevertheless, this ALE meta-analysis is not necessarily hindered by this limitation as this is goal dependent (46). The goal of
the present ALE meta-analysis was to provide insight into the
most important theories of iMCS on a meta-level. By investigating
this theory using a method which has never been done before in
iMCS imaging studies, this paper contributes to the existing literature. Furthermore, it also shows the lack neuroimaging studies
which can help us to elucidate the mechanisms of action in iMCS
in humans.

CONCLUSION
This ALE meta-analysis suggests that rCBF changes were
induced by active iMCS in key nodes of the default mode network
(posterior cingulate cortex and prefrontal cortex), the salience network ([mid]cingulate cortex) and sensorimotor network (thalamus,
primary motor cortex, corticospinal tract/cerebral peduncle).
Whether these iMCS-induced rCBF changes in principal components of the pain matrix form the neurophysiological foundation
for pain relief in patients with neuropathic pain remains largely
elusive and needs data from complementary methods.
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COMMENTS
The article entitled: “Invasive motor cortex stimulation inﬂuences
intracerebral structures in patients with neuropathic pain; an activation likelihood estimation meta-analysis of image data” is very interesting, even I am not sure that it adds many new things. Most results
came from studies by Peyron and Maarrawi. The evidence on rTMS
and its predictive value prior to invasive motor cortex stimulation is
well discussed. The methodology is well described.
Jean-Paul Nguyen, MD, PhD
Nantes, France
***
This meta analysis is carefully performed study using an innovative
means of imaging analysis. It conﬁrms ﬁndings in several studies of
consistent effects of motor cortex stimulation on cerebral blood ﬂow,
especially in the anterior cingulate gyrus. The authors propose that
the beneﬁcial effects of cortical stimulation on pain levels may be a
consequence of improvements in opioid binding rather than glucose
uptake. Given that the pain under treatment was thought to be primarily neuropathic and thus non opioid responsive, this conclusion
is contrary to common thinking. It may be an explanation for why
cortical stimulation is only 50% effective, though this is still clinically
signiﬁcant for these difﬁcult to treat patients.
Jeffrey A. Brown, MD
Great Neck, NY, USA
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