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ABSTRACT

Chronic pain (CP) represents a socio-economic
burden for affected patients along with thera-
peutic challenges for currently available thera-
pies. When conventional therapies fail,
modulation of the affective pain matrix using
reversible deep brain stimulation (DBS) or tar-
geted irreversible thalamotomy by stereotactic
radiosurgery (SRS) and magnetic resonance
(MR)-guided focused ultrasound (MRgFUS)
appear to be considerable treatment options.
We performed a literature search for clinical
trials targeting the affective pain circuits (tha-
lamus, anterior cingulate cortex [ACC], ventral

striatum [VS]/internal capsule [IC]). PubMed,
Ovid, MEDLINE and Scopus were searched
(1990–2021) using the terms ‘‘chronic pain’’,
‘‘deep brain stimulation’’, ‘‘stereotactic radio-
surgery’’, ‘‘radioneuromodulation’’, ‘‘MR-guided
focused ultrasound’’, ‘‘affective pain modula-
tion’’, ‘‘pain attention’’. In patients with CP
treated with DBS, SRS or MRgFUS the
somatosensory thalamus and periventricular/
periaquaeductal grey was the target of choice in
most treated subjects, while affective pain
transmission was targeted in a considerably
lower number (DBS, SRS) consisting of the fol-
lowing nodi of the limbic pain matrix: the
anterior cingulate cortex; centromedian-
parafascicularis of the thalamus, pars posterior
of the central lateral nucleus and internal cap-
sule/ventral striatum. Although DBS, SRS and
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MRgFUS promoted a meaningful and sustained
pain relief, an effective, evidence-based com-
parative analysis is biased by heterogeneity of
the observation period varying between
3 months and 5 years with different stimulation
patterns (monopolar/bipolar contact configura-
tion; frequency 10–130 Hz; intensity 0.8–5 V;
amplitude 90–330 ls), source and occurrence of
lesioning (radiation versus ultrasound) and
chronic pain ethology (poststroke pain, plexus
injury, facial pain, phantom limb pain, back
pain). The advancement of neurotherapeutics
(MRgFUS) and novel DBS targets (ACC, IC/VS),
along with established and effective stereotactic
therapies (DBS–SRS), increases therapeutic
options to impact CP by modulating affective,
pain-attentional neural transmission. Differ-
ences in trial concept, outcome measures, tar-
gets and applied technique promote conflicting
findings and limited evidence. Hence, we
advocate to raise awareness of the potential
therapeutic usefulness of each approach cover-
ing their advantages and disadvantages,
including such parameters as invasiveness,
risk–benefit ratio, reversibility and
responsiveness.

Keywords: Limbic pain network; Deep brain
stimulation; Magnetic resonance-guided
focussed ultrasound; Stereotactic radiosurgery;
Centromedian-parafascicular; Ventral striatum/
anterior limb of the internal capsule; Anterior
cingulate cortex; Central lateral nucleus of the
thalamus; Chronic pain

Key Summary Points

Deep brain stimulation and lesioning
procedures like stereotactic radiosurgery
targeting mainly the somatosensory
thalamic pain circuits yielded mixed
results.

The ability to impact the affective domain
of chronic pain received increased
attention and a renaissance of deep brain
stimulation for chronic pain treating the
affective sphere of pain.

Incisionless techniques like magnetic
resonance-guided focused ultrasound
exhibited promising results and offer
additional therapeutic options.

Other noninvasive (transcranial magnetic
stimulation) and less-invasive cranial
(motor cortex stimulation) and spinal
neuromodulation (spinal cord
stimulation) should be considered prior to
cranial neuromodulation.

INTRODUCTION

Despite tremendous advances in pharmacolog-
ical, behavioural and physical therapies,
chronic pain treatment remains challenging in
a considerable proportion of individuals classi-
fied as refractory [1–3]. It has been estimated
that up to 20–30% of patients with chronic pain
perceive insufficient pain relief leading to
enormous economical as well as psychosocial
consequences for the affected individuals.
Within the European Union alone, this is esti-
mated to cost the European economy around
440 billion euros annually [2, 3]. To be able to
provide alternative treatment strategies to
patients with chronic pain and in view of the
socio-economic impact, the development and
implementation of novel methods, including
magnetic resonance-guided focused ultrasound
(MRgFUS), and further elaboration of estab-
lished targets such as the centromedian-
parafascicular complex of the thalamus (CmPf),
the anterior cingulate cortex (ACC) and ventral
striatum/anterior limb of the internal capsule
(VS/ALIC) approaching affective brain circuits
using stereotactic treatment strategies, such as
deep brain stimulation (DBS) and stereotactic
radiosurgery (SRS), deserves enhanced clinical
scientific attention. In addition to improving
drug therapies, functional stereotactic methods
as treatment options are becoming increasingly
established [4]. These therapeutic approaches
originated from clinical observations made by
Spiegel and Wycis during their search for
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therapeutic alternatives to frontal leucotomies
[5], which, until then, had been regularly per-
formed for the treatment of psychiatric disor-
ders [6]. Over time, the thalamus gained
recognition as a major relay station for both
motor and somatosensory as well as viscero-
sensory neural transmission, acting as a predis-
posing site to centrally impact neural pain
transmission [7]. Consecutively, several human
studies emerged in which the somatosensory
properties of the thalamus, the nuclei ventro-
medialis (VPM) and ventrolateralis (VPL), were
used as a target of DBS for the therapy of various
pain symptoms (Fig. 1a). As a result of highly
variable results as well as increasing options for
drug pain management, approval for thalamic
DBS for pain management was finally with-
drawn in the USA in 1991, which led to a sharp
decline in research efforts [4]. Despite this
unjustified sceptical attitude towards thalamic
DBS, the proportion of its use in the treatment
of neurological diseases is steadily increasing
because of continuously advanced electrode
design (e.g. directional leads) and novel neu-
roimaging capabilities to detect both functional
and structural cerebral foci [8, 9]. Observations
derived from in-human DBS studies suggest that
in addition to the predominantly targeted tha-
lamic somatosensory VPL/VPM and periven-
tricular/periaquaductal grey (PVG/PAG), limbic
pain network associated DBS targets such as the
medial thalamic nuclei (intralaminar nuclei of
the thalamus; CmPf), the ACC and the ventral
VS/ALIC have yielded a meaningful impact on
chronic pain levels by modulating affective/
cognitive pain pathways [9–14]. Initial studies
observed that DBS of the ACC promoted its
impact predominantly on the emotional
appraisal of pain stimuli, similarly to what has
been reported for CmPF-DBS [11]. In addition to
invasive and reversible DBS, less-invasive abla-
tive stereotactic thalamotomy using irradiation
(SRS) or high-intensity focused ultrasound
applied under MR thermometry guidance
(MRgFUS) represents a potential alternative in
the treatment of chronic pain by integrating
high-resolution stereotactic navigation capabil-
ities [15, 16].

The comprehensive review aims to provide
an update addressing DBS, SRS and MRgFUS

targeting affective pain circuits of the brain
(CmPf, ACC, VS/ALIC), in particular to sum-
marize the neuroanatomical substrates of the
intended targets, to compare the safety and
effectiveness of different techniques, to discuss
the pros/cons of previously completed and
published in-human studies beyond the out-
comes along with recommendations on what
the neuromodulation community should
address prospectively.

METHODS

Search Strategy and Data Collection

To update and evaluate in-human studies in the
field of stereotactic deep brain interventions
defined as deep brain stimulation, radiosurgery
and magnet resonance-guided focused ultra-
sound for patients with chronic pain, we con-
ducted a comprehensive and structured
literature search in the databases PubMed, Ovid,
MEDLINE and Scopus between 1990 and 2021.
In addition, we performed a manual library
search using the terms ‘‘pain’’, ‘‘chronic pain’’,
‘‘pain and anxiety’’, ‘‘affective pain modula-
tion’’, ‘‘deep brain stimulation’’, ‘‘stereotactic
radiosurgery’’, ‘‘high-frequency focussed ultra-
sound’’, ‘‘centromedian-parafascicular complex
of the thalamus’’, ‘‘intralaminar nuclei of the
thalamus’’, ‘‘central lateral nucleus of the tha-
lamus’’, ‘‘thalamotomy’’, ‘‘anterior cingulate
cortex’’, ‘‘ventral striatum’’, ‘‘anterior limb of the
internal capsule’’ and ‘‘cingulotomy’’.

Data sampling and analysis were performed
in compliance with ethics guidelines. This arti-
cle is based on previously conducted studies and
does not contain any new studies with human
participants or animals performed by any of the
authors.

Characteristics of Included Studies
and Search Results from Literature

In-human studies (case reports, pilot studies,
uncontrolled observational cohort trials, ran-
domized controlled trials) targeting either the
CmPf, the ACC or the VS/ALIC were included in
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this review. Study design, number of partici-
pants, outcome measures (safety, efficacy),
stimulation and lesioning parameters, duration
of treatment/observation and adverse events
were recorded. The vast majority of studies
consisted of uncontrolled observational cohort
studies. Stereotactic techniques assessed were
DBS (Table 1) and implant-free, ablative proce-
dures (Table 2) using different thermal lesioning
techniques (MRgFUS) and irradiation (SRS).
Given the low number of randomized con-
trolled trials, the clinical heterogeneity in
stimulation patterns and duration of outcome
measures along with the methodological diver-
sity of the applied techniques across the asses-
sed studies, we conceptualized a comprehensive
review covering a summary of clinical findings
published, the neuroanatomical basis for target
justification and a potential guideline for future
targeted clinical research.

ROLE OF THALAMIC NUCLEI
AND ASSOCIATED AFFECTIVE
CIRCUITS IN PAIN PROCESSING

Nociceptive impulses travel via fibre bundles,
such as the tractus spinothalamicus, to the VPL
and VPM, from which these lateral, sensory
pain pathways continue to the primary, as well
as secondary, somatosensory cortex (postcentral
gyrus), enabling conscious (discriminative)
perception of pain [17–20]. Experimental and
in-human studies indicate that the intralaminar
thalamic nuclei and the CmPf project to areas of
the limbic system, such as the ACC, gaining
access to descending pain-inhibiting tracts to
the brainstem and spinal cord. This enables an
affective-cognitive attribution of pain process-
ing termed pain attention (Fig. 1a, b). The VPL
displays a somatotopic organization and distri-
bution, representing the head, the arm and the
leg through distinct functional-structural bor-
ders within the VPL (12 mm lateral from the
mid anterior/posterior commissural line =
head; 13 mm lateral from the mid ante-
rior/posterior commissural line = arm; 14 mm
lateral from the mid anterior/posterior com-
missural line = leg). The VPL receives afferent
input from the lemniscus system, globus pal-
lidus and cerebellar nuclei (ncl. dentatus; ncl.
interpositus; ncl. fastigius) and projects to the
prefrontal cortex, orbitofrontal cortex and pos-
terior parietal lobe (Fig. 1a).

The CmPf projects to the basal ganglia with
the CM complex receiving fibres from the
internal globus pallidal and the Pf complex
receiving input from the brainstem. The CmPf
itself projects to the prefrontal cortex, cingular
cortex, entorhinal cortex and the parieto-tem-
poral area. In particular, one projection includes
a route the ncl. caudatus, the putamen, the
globus pallidus back to the CmPf termed the
Nauta–Mehler loop [17–20].

The reciprocal and dynamic interplay of the
ACC with the thalamic nuclei (predominantly
CmPf—less VPL/VPM), the amygdala, the insu-
lar, VS/ALIC and the dorsolateral prefrontal
among others is critical for the short-term and
long-term aversive sensory processing. Despite
thalamic CmPf and ACC, the VS/ALIC (fronto-

bFig. 1 a Somatosensory and affective nuclei of the
thalamus. Schematic diagram depicting the location and
composition of the thalamic nuclei. The somatosensory
thalamus includes the nuclei ventromedialis (VPM) and
ventrolateralis (VPL); (yellow), and the centromedian-
parafascicular complex of the thalamus (CmPf), which is
located in internal medullary lamina (grey). b Projections
of the somatosensory and affective pain circuits of the
thalamus. Pain processing pathways are highlighted within
the cerebral tissue. The somatosensory process and pain
memory pathway originate from the brainstem and spinal
cord via ascending fibres and project to the thalamic nuclei,
which are found in the centre of the brain above the
brainstem. Signals from the VPL project to the somatosen-
sory cortex, located in the parietal lobe, and these signals
are further exchanged between the primary (S1) and
secondary (S2) regions. The affective pain processing
pathway originates from the CmPF and is projected to the
insula, located within the lateral sulcus, and is then
transmitted to the anterior cingulate cortex (ACC) and
prefrontal cortex (PFC). Finally, this signal is sent back to
the brainstem and spinal cord via descending fibres.
Currently available interventions, namely deep brain
stimulation (DBS), stereotactic radiosurgery (SRS) and
magnetic resonance-guided focused ultrasound
(MRgFUS), targeting the different regions (CmPf, ACC,
VS/ALIC, CLT) of the brain for the treatment of chronic
pain are depicted
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Table 1 Summary of in-human DBS studies published since 2017 (participants enrolled) targeting the affective sphere of
pain (CmPf, ACC, VS/ALIC) for chronic pain

References No. Study DBS target Indication FU Outcome SAE/AE

Invasive DBS (reversible)

(Abdallat

et al.

2021)

[33]

40 PT Unilateral

VPM/VPL

or CmPf

alone

Facial pain 63 months Average pain relief

63 months[ 50%

in 10/18 patients

11

hardware

SAE

CRPS No differences

between VPM/

VPL and CmPf

CPSP

Spinal cord

lesion

Brachial

plexus

injury

Postherpetic

pain

FBSS

Nerve lesions

Phantom

limb

(Ten

Brinke

et al.

2020)

[51]

1 CR Unilateral

VS/ALIC

CPSP NA Mean pain relief at

the end of

observation (VAS):

50%

NA

(Lempka

et al.

2017)

[12]

10 RCT Bilateral VS/

ALIC

CPSP 24 months (6 months

sham/verum ? open-

label phase

18 months)

Primary endpoint

failure

Seizure

(DBS

‘‘on’’/

‘‘off’’)
Improvement in

affective pain

scores

(Levi et al.

2019)

[10]

5 PT Bilateral

ACC

Thalamic

pain

syndrome

28 months Mean pain relief

6 months (NRS):

37.9%

None

Mean pain relief

18 months (VAS):

35%
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striatal circuits) and connecting the orbito-
frontal cortex with thalamocortical relevant for
emotion (anxiety), behaviour and reward have
emerged as potential DBS targets (Fig. 1a, b)
[11, 21–23]. Preclinical studies suggest that
activation of these brain regions may in addi-
tion be of relevance for the transition from
acute to chronic pain (long-term potentiation)
and that the ACC may predominantly con-
tribute to the short-term encoding of aversive
stimuli, while in contrast the medial part of the
thalamus may be relevant for the maintenance
of an external stimuli (e.g. pain) [24–26]. On a
synaptic level, ACC neurons promote neuro-
plasticity by upregulating N-methyl-D-aspartate
(NMDA) receptors and increased glutamate
release, which may represent a transmitter cor-
relate of pain-associated mood alterations
(anxiety, depression) [21–23]. Hence, it appears
reasonable and may justify that DBS of the ACC,
VS/ALIC and CmPf modulates the limbic cir-
cuits pain by impacting affective pain domains
such as attention, anticipation, anxiety, anhe-
donia and depression. However, to apply both
as potential targets (sensory and affective cir-
cuits) for cranial neuromodulation therapies
simultaneously appears an underinvestigated
approach (Fig. 1b).

DEEP BRAIN STIMULATION
(INVASIVE REVERSIBLE)

The concept of using DBS for pain manage-
ment, in which lesions in the thalamus are
produced to alleviate the suffering of pain-
stricken patients, has been applied for some
decades. The use of DBS in the treatment of
chronic pain originally represented a pioneer-
ing achievement, although the current wide-
spread use of DBS in the treatment of
movement disorders developed only secondar-
ily to its original intended use for treatment of
chronic pain.

DBS is an invasive but reversible brain stim-
ulation technique involving a surgical stereo-
tactic guided procedure permitting one to apply
electric densities in defined deep-seeded brain
circuits and it has been applied in broad variety
of chronic pain disorders [complex regional
pain syndrome (CRPS); chronic post-stroke pain
(CPSP); facial pain (FP); phantom pain (PP);
failed back surgery syndrome (FBSS); neuro-
pathic pain (NP); trigeminal neuralgia (TN);
chronic cancer pain CCP; trigeminal deaf-
ferentation pain (TDP); anesthesia dolorosa
(AD); thalamic pain (TP); spinal cord injury
(SCI); postherpetic neuralgia (PHN); persistent
spinal pain syndrome (PSPS); plexus brachialis
injury (PBI)] [27–30]. Reversible clinical DBS

Table 1 continued

References No. Study DBS target Indication FU Outcome SAE/AE

(Boccard

et al.

2017)

[43]

22 PT Bilateral

ACC

Neuropathic

pain

39 months Mean pain relief

6 months (NRS):

60%

Seizure

(DBS

‘‘on’’/

‘‘off’’)Mean pain relief

12 months (VAS):

43%

DBS deep brain stimulation, PT pilot study, RCT randomized controlled trial, CR case report, VPL nucleus ventrolateralis
of the thalamus, VPM nucleus ventromedialis of the thalamus, CmPf centromedian-parafascicular complex of the thalamus,
PVG periventricular grey, PAG periaqueductal grey, VC ventrocaudal nucleus of the thalamus, PLIC posterior limb of the
capsula interna, ACC anterior cingulate cortex, CRPS complex regional pain syndrome, CPSP chronic post-stroke pain,
FBSS failed back surgery syndrome, VAS visual analogue scale, NRS numeric rating scale, FU follow-up, SAE/AE serious
adverse event, NA not applicable
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effects can be achieved by adjustment of specific
stimulation parameters (amplitude ls, fre-
quency Hz, contact configuration (mono/bipo-
lar), intensity; current mA or voltage V). Several
guidelines and recommendations exist that
address stereotactic techniques, stimulation
pattern and the potential value of trialing DBS

effects using temporarily externalized DBS leads
remain an issue of ongoing debate, thereby
limiting level of evidence. The DBS system
consists of three components: the implanted
pulse generator, the lead and the electrode. The
polarity of the system can be programmed as
cathode, anode and neutral, and the

Table 2 Summary of in-human studies using implant-free SRS for chronic pain

References PN Design Target Indication FU Outcome SAE/AE

Non-invasive lesioning (non-reversible)

Franzini

et al.

[55]

8 PT SRS

Central lateral thalamotomy

TDP 24 months 3.9 points relief in

VAS/recurrence 2

patents after

36 months

None

BPI

CPSP

PHN

Young

et al.

[59]

10 PT SRS

Intralaminar nuclei, the

lateral portion of the medial

dorsal nucleus and CmPf

Unilateral lesion: 9 patents

Bilateral lesion: 1 patent

SD NA Excellent: 3 None

PHN Acceptable: 4

SCI Failure: 3

TP

AD

CPSP

Young

et al.

[62]

20 PT SRS/thalamotomy Different

origin

22 months Excellent/good pain

relief

1 death

radiation

necrosis140–180 Gy (Not specified)

Young

et al.

[62]

19 PT SRS Different

origin

12 months 27% pain free Not

reportedIntralaminar, mediodorsal,

centromedian and

parafascicular nuclei

33%[ 50% pain relief

Steiner

et al.

[60]

NA PT SRS CCP NA Significant pain relief

in 35%

None

Medial thalamotomy

Frighetto

et al.

[58]

3 PT SRS CPSP NA Significant pain relief None

Medial thalamotomy CCP Recurrence after

4 months

SRS stereotactic radiosurgery, PT pilot study, RCT randomized controlled trial, CR case report, VPL nucleus ventrolateralis
of the thalamus, CPSP chronic post-stroke pain, FU follow-up, SAE/AE serious adverse event, ICH intracranial haemor-
rhage, NP neuropathic pain, TN trigeminal neuralgia, CCP chronic cancer pain, TDP trigeminal deafferentation pain, AD
anesthesia dolorosa, TP thalamic pain, SCI spinal cord injury, PHN postherpatic neuralgia, SD spinal disorders, BPI plexus
brachialis injury, NA not applicable
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configuration can be set to monopolar, bipolar,
and multipolar in more advanced systems. Dif-
ferent recommendations and guidelines exist
related to the operative protocol (awake versus
asleep surgery; microelectrode recording versus
neuroimage-guided implantation) [27–30].
However, the lack of evidence and negative RCT
have led to the withdrawal of approvals for the
therapy of chronic pain syndromes by the US
Food and Drug Administration (FDA) along
with an unjustified, sharp decline and scepti-
cism regarding the usefulness of DBS (off-label)
for the treatment of refractory chronic pain
disorders [31].

Thalamic DBS Targeting the Limbic Pain
Matrix (CmPf)

In order to provide an unbiased, robust data
interpretation, Frizon et al. performed a sys-
tematic review assessing the impact of DBS on
chronic pain syndromes covering the period
from 1975 to 2017. Interestingly, according to
their search criteria, DBS studies for cluster
headache, a follow-up period below 3 months,
combined DBS and motor cortex stimulation
(MCS), primarily DBS target other than pain
and no modern DBS leads implanted repre-
sented exclusion criteria [32]. A total of 228 DBS
patients were extracted, of whom some were
implanted using microelectrode recording
(MER) for target verification, while DBS test
stimulation was not performed systematically
along with a wide range given for DBS trial
failures ranging from 2% to 48%. The vast
majority was implanted either in the sensory
VPL/VPM alone and/or in combination with
PAG/PVG. It is noteworthy that DBS effects
occur earlier in PAG/PVG (opioid flash), while
CmPF, VS/ALIC and ACC DBS promoted its
effect over a longer time frame. Notably, in one
case series (three patients), one single lead/one
trajectory was inserted to approach and stimu-
late the CmPf and the PAG/PVG simultane-
ously. Under combined stimulation pattern, the
patients perceived a marked pain relief, in par-
ticular the affective domains improved signifi-
cantly. Consecutively, the patient’s choice was
a combined stimulation pattern in all three

cases, indicating a synergistic effect of PAG/PVG
and CmPf on pain levels [32].

As part of this narrative review, we con-
ducted a literature search on the topic since
2017 as a continuation to the work by Frizon
et al. In total, we found seven clinical trials
since the beginning of 2017 including the main
indications with significant response rates in
facial pain, post-stroke pain and chronic pain
due to the brachial plexus lesion (Table 1). In
thalamic DBS, most of the screened trials con-
sisted of uncontrolled, small-scale cohort stud-
ies and mainly approached sensory-motor pain
transmission by VPL/VPM DBS means. The lar-
gest DBS study assessing VPL/VPM versus CmPf
with a considerable long-term follow- up was
published most recently by Abdallat et al. and
will be discussed in detail [33–37]. Most
recently, the therapeutic impact of sensory
versus affective thalamic cranial neuromodula-
tion was determined in a large multifocal DBS
series including 40 patients with pain and an
extended mean follow-up period of 5 years
(Table 1) [33]. The surgical procedures encom-
passed a two-step protocol with awake DBS lead
implantation under intraoperative trial stimu-
lation and microelectrode recording guidance,
followed by a trial period with externalized
leads assessing the effects of either VPL/VPM or
CmPf. Depending on the trial outcome, per-
manent DBS/IPG implantation continued tar-
geting sensory or affective thalamic nuclei. In,
total, 33 out of 40 study participants perceived a
marked pain relief (defined as at least 50%/30%
pain reduction) and received permanent DBS
therapy. From the 33 permanent implanted
participants, 22 were CmPf responders versus 11
VPL/VPM responders, of whom 18 were avail-
able for an extended follow-up beyond 4 years.
Outcome measures were changes in mean/av-
erage/maximum pain levels quantified by the
visual analogue scale (VAS). Maximum pain
threshold was decreased (50% reduction) in
8/18 and by 30% in 10/18, while average pain
levels declined by 50% in 10/18 and by 30% in
16/18. However, these differences were statisti-
cally not significant when comparing VPL/VPM
versus CmPf along with a less favourable
responsiveness in patients with thalamic
lesions. DBS stimulation patterns were similar
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in both targets (CmPf: 210 ls, 130 Hz, bipolar,
2–3 V versus VPL/VPM: 210 ls, 130 Hz, bipolar,
0.5–1.5 V). These findings were in line with
previously published studies, supporting the
therapeutic value of thalamic DBS for chronic
pain [33].

Impact of ACC DBS on Affective Sphere
of Pain

DBS targeting the VPL (representation of body
parts anatomically segregated) evokes paraes-
thesia in the affected pain region of the body
within a shorter latency, while CmPf, VS/ALIC
and ACC evoke similar DBS effects quantified by
affective-related pain domains occurring over a
longer time period. Patient with chronic pain
stimulated in the CmPf or ACC reported
unchanged pain levels; however, attention and
emotional effects (affective distancing to
chronic pain stimuli) were observed in these
cohorts of DBS patients [32, 38–43] (Table 1).

The dynamic and reciprocal interplay of the
ACC with the thalamic nuclei was demon-
strated in neuroimaging (structural/activity)
studies. Davis and co-workers applied positron
emission tomography (PET) before, during and
after thalamic DBS and found an immediately
increased ACC activation during DBS along
with a delayed activation of the posterior part of
the ACC after DBS. Notably, this study deter-
mined the thalamic-cingulate pathways rele-
vant for the affective sphere of pain processing.
Hence, it appears reasonable to target the ACC
for chronic pain, which has been explored as an
additional DBS target in the past by the Oxford
Group [38, 44–46]. So far, findings from these
studies indicate that ACC DBS is safe and effi-
cient in targeting the affective sphere of pain
with clinical effects occurring with a latency,
other than the immediate response followed by
PVG/PAG stimulation, although a lack of effi-
cacy was observed partly in the long-term
assessment. This study covered a similar large
observational period (mean follow-up 5 years)
and observed a potential side effect, as ACC DBS
‘‘on’’ as well as ACC DBS ‘‘off’’ evoked seizures in
a considerable subset of participants (Table 1).
Additional smaller case series confirmed these

findings in five patients with thalamic pain over
18 months treated with ACC DBS with 35%
decline of pain levels and significantly
improved quality of life domains [10]. Despite
the in-human use of ACC DBS, other cranial
stimulation techniques targeting the ACC are
currently under preclinical investigation prob-
ing focused ultrasound and optogenetic stimu-
lation of the ACC for pain relief [47, 48].

VS/ALIC as an Additional DBS Target
Modulating Affective Pain Processing

A randomized sham-controlled crossover trial
determined the efficacy and safety of VS/ALIC
DBS for chronic pain in nine patients with PSP
over 24 months (6 months crossover sham/
verum stimulation ? open-label phase
18 months) (Table 1). The rationale for this
target originated from observations made in
patients with obsessive-compulsive disorder
(OCD) and treatment-resistant depression
(TRD) treated with VS/ALIC DBS, supporting
the role of fronto-striatal circuits (projections
from orbitofrontal to striatal-thalamic-cortical
areas) in mood, emotion regulation and anxiety
improvement, hence potentially able to impact
the affective domain of pain (attention/antici-
pation). Outcome measures initially included
mood-associated scores along with pain assess-
ment. Although the primary and secondary
endpoints failed (50% pain decline), an
improvement of the affect-related sub-score was
observed. Serious adverse events occurred,
namely seizures, cognitive impairment and
dysexecutive impairment [12–14].

Lempka and colleagues further used neu-
roimaging measures (functional magnetic reso-
nance imaging; fMRI) and electrophysiological
methodologies (magnetoencephalography;
MEG) in the later stage in a subset of the study
cohort, aiming to elaborate potential effects of
VS/ALIC DBS objectively [13, 14]. Using heat
stimuli in five patients with PSP and age-gender
matched healthy controls, Lempka et al. asses-
sed DBS under on/off conditions with DBS ‘‘on’’
significantly reducing prior heat-evoked activa-
tion of the thalamus, insula, operculum and the
orbitofrontal area [13]. In the MEG analysis,
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ACC DBS (on) significantly changed event-re-
lated domains (N1/P2) during a specific task
compared to DBS ‘‘off’’ and baseline [14]. To
what extent these findings may serve as future
biomarkers for cranial neuromodulation in pain
remains largely unknown.

DBS Trial, Closed-Loop Stimulation
Waveforms and Advanced Directional
Leads for Chronic Pain: Where Do We
Stand?

In the past, DBS trials were mainly performed in
the treatment of movement disorders. However,
novel DBS targets for chronic pain (ACC, VS/
ALIC) have led to a renaissance of DBS trial
stimulation for chronic pain. However, current
available literature indicates that DBS test-
stimulations using externalized leads have been
investigated inconsistently [49]. In view of the
recent developments in the field of DBS probing
closed-loop stimulation along with the fact that
biomarkers are lacking for chronic pain, exter-
nalized DBS leads offer the possibility to execute
and quantify additional task-related measure-
ments in order to elaborate potential central
pain signatures (e.g. neurochemical, neu-
roimaging, electrophysiology) relevant for bio-
marker development [50]. Further DBS lead
techniques permit one to focus stimula-
tion/electrical density by using directional
leads. Ten Brinke et al. investigated the thera-
peutic usefulness of such directional leads in a
patient suffering from PSP, who was implanted
in the sensory thalamus (VPL/VPM) and found
that directional leads increased the precision
and decreased stimulation-associated side
effects [51]. However, large-scale controlled
studies are needed comparing both types of DBS
electrodes in chronic pain.

Although not within the scope of this
review, it is noteworthy that radiofrequency
ablation (RFA) operating between 350 and
500 kHz, as an invasive, ablative and non-re-
versible procedure, has been applied in a larger
number of subjects with chronic pain [52, 53].
In a recent study [52], Rezaei Haddad and co-
workers provided an update for RFA thalamo-
tomy (VPL, VPM, CmPf, the pulvinar, the

suprageniculate and posterior nuclei) and found
a sustained pain suppression, a low-risk profile
and no superiority of VPL/VPM compared to
CmPf. However, most of the published trials
were characterized by an uncontrolled observa-
tional cohort study design and heterogeneity in
included patients and pain scales utilized [52].

STEREOTACTIC RADIOSURGERY
(SRS)

SRS is a less-invasive, incisionless and implant-
free method that utilizes radiation (140–180 Gy)
to create very specific lesions in target tissues in
groups of patients with pain not considered
eligible for surgical treatment. On the basis of
the principle of lesion surgery, SRS was applied
in various pain disorders, mainly targeting
sensory pain pathways (Fig. 1b). Current SRS
procedures are highly precise owing to the
development of alignable radioactive cobalt
sources that reduce clinical complications.

Currently, preclinical and in-human studies
suggest a therapeutic effect far beyond the
lesion. This non-lesioning mechanism of action
remains largely unknown, but may modulate
structure and function of glia and neuron pop-
ulation on a molecular and cellular level rele-
vant for neural transmission [54–62]. In this
review, we discuss in detail the most recent
publication addressing SRS for pain approach-
ing various targets within the affective sphere of
pain.

Franzini and co-workers targeted the poste-
rior part of the central lateral thalamic nucleus
(CLT) relevant for thalamo-cortical circuits of
pain nucleus using SRS in eight patients with
drug-resistant NP (four TDP, two BPI, one PSP,
one PHP). Notably the same target was approa-
ched by MRgFUS. Bilateral CLT lesioning was
performed in 3/8 and a unilateral thalamotomy
was achieved in 5/8 utilizing a radiation dosage
between 130 and 140 Gy. Within a mean
observation period of 24 months, a significant
responder rate (defined as at least 50% reduc-
tion) along with a significantly declined pain
intensity (pre-VAS 9.4 versus post-VAS 5.5) was
found after 12 months. No treatment-associated
adverse events were recorded. However, pain
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recurrence was noticed after 24 months in two
patients suffering from BPI and PSP types of
chronic pain [55].

The CmPf was lesioned in another observa-
tional, uncontrolled cohort SRS study including
10 patients suffering from refractory TN, AD
and CRPS with a median follow-up of
13 months. In line with previous GKRS pain
trials, treatment effects occurred over an
extended time (given average time 2 months).
Pain outcome quantified by the VAS signifi-
cantly decreased with 50% experiencing pain
relief of at least 50% and 10% perceived pain
decline of at least 30%, with 40% non-respon-
der [56]. To facilitate therapeutic SRS effects,
Lovo et al. conceptualized a multifocal radia-
tion frame. This radioneuromodulation group
advanced previously used protocols by targeting
the CmPf and the retrogasserian (RGZ) simul-
taneously with a staged radiation pattern
depending on the target (CmPf = 140 Gy versus
RGZ = 90 Gy) in eight individuals with TN.
Dual radioneuromodulation of the CmPf/RGZ
exhibited immediate (24 h) therapeutic
response (at least 50% reduction) in five out of
eight study participants, which further (49 h)
was extended towards a responder rate of 87.5%
(7/8) with one subject reporting moderate relief
(at least 30%) in a safe manner. Pain intensity
declined markedly (pre-VAS 10 versus post-VAS
3) and was sustained after 4 months [57]. The
safety and efficacy of CmPf SRS was revisited by
an observational larger case series carried out by
Urgosik and colleagues. CmPf was the target of
choice in 30 patients with chronic pain (TN, TP,
TDP, PP) treated with a single shot of 145 Gy. A
responder rate of 43% (13/30) versus a non-re-
sponder rate 57% (17/30) was detected within a
mean observation time of 3 months along with
pain recurrence in four out of 13 previously
responsive patients after 22–30 months [15].
These findings are summarized in Table 2.

INCISIONLESS MR-GUIDED
FOCUSED ULTRASOUND (MRGFUS)

In the last decade, a new procedure using
focused ultrasound under real-time MR ther-
mometry guidance has been increasingly

established and received FDA approval and CE
mark for the treatment of unilateral essential
tremor, tremor-dominant Parkinson’s disease
and currently MRgFUS is under investigation for
neuropsychiatric disorders (TRD, OCD) [63, 64].
Incisionless, implant-free MRgFUS uses high-
frequency ultrasonic waves (650 kHz) to evoke
thermal lesions in deep-seated brain structures
under stereotactic guidance (helmet-like array
with integrated stereotactic frame). The combi-
nation of a focused ultrasound (FUS) transducer
with magnetic resonance imaging allows
physicians to perform precise localized thermal
lesioning along with clinical assessment of
clinical effects as the patient remains awake
during the procedure [63, 64]. MRgFUS permits
intraprocedural motor and sensory (VPL) test-
ing as temperatures between 40 and 45 �C
induce reversible lesions and potentially
decrease surgery-related complications (infec-
tion, haemorrhage and adverse events in
adjunct anatomic structures). A total of three
uncontrolled human studies targeting the sen-
sory thalamic pathway have been conducted
with a total number of 29 treated patients for
chronic pain syndromes of different origin
(trigeminal neuralgia, chronic neuropathic
pain), and one study assessed pain levels in
MRgFUS treated patients with different move-
ment disorders [66, 67] (Fig. 1b).

In previous study of 12 patients with NP
(unilaterally in five patients, bilaterally in seven
patients) derived from central and/or peripheral
origin, MRgFUS was applied with the CLT (pars
posterior) as defined target, in particular the
outflow pathways projecting to the ACC, cre-
ating lesions with a diameter between 3 and
4 mm and target variation of 1 mm. The deci-
sion to perform unilateral lesioning was based
on several reasons: two patients had prior RFA,
one bleeding due to ischemia/cavitation, one
patient had a 100% decline of pain, one patient
lack of compliance. The mean pain relief was
49% after 3 months in nine patients and further
improved towards 57% pain reduction at
12 months in eight patients along with imme-
diate effects observed in six patients. Post-pro-
cedure, drug intake was stopped or reduced in
six patients. Despite the bleeding in one case,
vestibular symptoms, head pain, nausea and
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vomiting were more frequently observed and
recovered within days. Post-ablative neu-
roimaging analysis revealed seven out 18 lesions
within the CLT, while the other lesions reached
adjunct structures like the pulvinar or the CmPf
of the thalamus. In a subset of eight patients,

EEG recording at 3 and 12 months demon-
strated a frequency band-specific spectral power
amplitude decrease with patterns like those
observed in healthy subjects [66].

The same group presented most recently
novel MRgFUS data treating patients with drug-

Table 3 Summary of in-human studies using less-invasive, incisionless MRgFUS for chronic pain

References PN Design Target Indication FU Outcome SAE/
AE

Non-invasive lesioning (non-reversible)

Gallay et al.

[67]

8 PT MRgFUS TN 53 months Mean pain

relief

3 months:

51%

None

Posterior part of the central

lateral thalamic nucleus

(peak 51–64 �C)

Mean pain

relief

12 months:

71%

Mean pain

relief

53 months:

78%

Jeanmonod

et al. [66]

12 PT MRgFUS NP 12 months Mean pain

relief

3 months:

49%

1 ICH

Posterior part of the central

lateral thalamic nucleus

(peak 51–64 �C)

Mean pain

relief

12 months:

57%

Gallay et al.

[65]

180

(treatments)

PT MRgFUS NP 3 months Not reported None

Posterior part of the central

lateral thalamic nucleus

(peak 51–64 �C)

Martin

et al. [64]

9 PT MRgFUS NP NA Mean pain

relief after

2 days: 68%

None

VPL (peak temperature

51–60 �C)

MRgFUS magnet resonance guided focused ultrasound, PT pilot study, RCT randomized controlled trial, CR case report,
VPL nucleus ventrolateralis of the thalamus, CPSP chronic post-stroke pain, FU follow-up, SAE/AE serious adverse event,
ICH intracranial haemorrhage, NP neuropathic pain, TN trigeminal neuralgia, NA not applicable
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resistant trigeminal neuralgia (classic, idio-
pathic, secondary) with bilateral CLT MRgFUS
[67]. MRgFUS was applied using the following
treatment parameters: number of sonifications
15 ± 8, treatment duration 20–31 s, sonifica-
tion power 1020 ± 236 W, peak temperatures
54–58 �C, lesion volume 153 ± 85 mm3. All
patients were discharged after 24 h. Overall, a
mean pain relief rate of 51% was achieved at
3 months, further increased to 71% pain
reduction after 12 months and 78% pain
decline after 50 months. The frequency of
paroxysmal pain significantly declines from
84/day to 4/day post-sonication. No serious
adverse events occurred with four patients
stopping drug intake for pain [67]. Table 3
summarizes current published trials.

CONCLUSIONS

The list of currently available procedures illus-
trates the heterogeneity of cranial neuromodu-
lation options in the treatment of various
chronic pain syndromes. Primarily, the proce-
dures can be categorized by their invasiveness
and reversibility. In this regard, advantages of
less-invasive therapeutic procedures include
reduced operative risk and directly associated
complications, such as infections and bleedings.
The ability to modulate the sensory and affec-
tive brain networks is not solely a result of non-
lesioning effects, as lesions may impact neural
networks in a more permanent fashion.

It is noteworthy that the response rates pre-
sented are heterogeneous and biased by mea-
surement of different stimulation parameters,
aetiology of pain disorders, patient selection,
occurrence of observed therapeutic effects,
dose–response relationship and patient prefer-
ence. There is consensus in many studies that
patient stratification is required to precisely
select effective therapies. In contrast, meaning-
ful responsiveness was observed predominantly
in subsets of chronic pain disorders (phantom
pain, deafferentation pain, brachial plexus
injuries), while other pain phenotypes appeared
less suitable and failed to achieve sustained pain
relief.

Technical progress over the course of the last
two decades in stimulator (brain sensing) and
electrode (directional leads) technologies along
with closed-loop systems requires a biomarker
and has been investigated in wide range of DBS
indications such as movement disorders, epi-
lepsy and neuropsychiatric disorders. However,
such biomarker development represents a key
barrier to overcome for chronic pain, as there
currently are no reliable, established electro-
physiological and neuroimaging biomarkers
useful for directional DBS programming in
chronic pain. In addition, open questions must
be addressed: How does one stratify potential
responders among patients with refractory
pain? How does a sensory versus an affective
responder differ? Which target of the affective
sphere of pain should we use for which pain
disorder (CmPf, ACC, VS/ALIC)? Is multifocal
stimulation targeting sensory and affective
brain structures a solution? However, prior to
central neurostimulation, non-invasive non-le-
sioning brain stimulation techniques (TMS,
tDCS, tACS) and less-invasive spinal cord stim-
ulation, dorsal root ganglion stimulation and
motor cortex stimulation should be considered.
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