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Neuromodulation for Trigeminal Neuralgia
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Clinical studies on neuromodulation intervention for trigeminal neuralgia have not yet shown promising results. This might be due
to the fact that the pathophysiology of chronic trigeminal neuropathy is not yet fully understood. Chronic trigeminal neuropathy
includes trigeminal autonomic neuropathy, painful trigeminal neuropathy, and persistent idiopathic facial pain. This disorder
is caused by complex abnormalities in the pain processing system, which is comprised of the affective, emotional, and sensory
components, rather than mere abnormal sensation. Therefore, integrative understanding of the pain system is necessary for
appropriate neuromodulation of chronic trigeminal neuropathy. The possible neuromodulation targets that participate in complex
pain processing are as follows : the ventral posterior medial nucleus, periaqueductal gray, motor cortex, nucleus accumbens,
subthalamic nucleus, globus pallidus internus, anterior cingulate cortex, hypothalamus, sphenopalatine ganglion, and occipital
nerve. In conclusion, neuromodulation interventions for trigeminal neuralgia is yet to be elucidated; future advancements in this
area are required.
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been attempted for the treatment of such conditions™"*****",

INTRODUCTION

Early clinical results had shown promising results. However,

Medically intractable trigeminal neuralgia is treatable with
conventional surgical modalities, such as microvascular de-
compression (MVD), percutaneous radiofrequency rhizoto-
my, balloon compression, and stereotactic radiosurgery. While
the majority of patients benefits from these modalities, a sig-
nificant proportion of patients are refractory to the primary
surgical modalities. Such groups can be categorized as chronic
trigeminal neuropathy, which include atypical facial pain and
anesthesia dolorosa.

Several neuromodulation techniques such as motor cortex
stimulation (MCS) and deep brain stimulation (DBS), have

later clinical studies found that those early clinical benefits
were not sustained in long-term observations"”.

However, all such therapeutic strategies failed in a signifi-
cant volume of patients. Therefore, instead of attempting to
answer whether neuromodulation is effective for chronic tri-
geminal neuropathy, the present review aimed to gain insight
into whether neuromodulation techniques hold promise in

the treatment of intractable chronic trigeminal neuropathy.
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CONDITIONS RELATED TO INTRACTABLE
CHRONIC TRIGEMINAL NEUROPATHY

In the cases of failure of conventional therapeutic modali-
ties, including medical and surgical treatments, in patients
initially diagnosed with trigeminal neuralgia, physicians
should consider the possible explanations such as initial mis-
diagnosis, progression of trigeminal neuralgia, or trigeminal
neuropathy arising from an adverse event of conventional

treatments.

Initial misdiagnosis

According to the International Classification of Headache
Disorders (ICHD)-3 beta, trigeminal neuralgia is diagnosed
with typical symptoms such as presence of severe paroxysmal
pain with a refractory period between pain attacks occurring
unilaterally in accordance with trigeminal nerve distribution
areas’’.

There are sub-classifications of trigeminal neuralgia. Classi-
cal trigeminal neuralgia can be defined as when an evident of-
fending vessel causing typical facial pain at the trigeminal
nerve root exit zone”. If typical facial pain originates from
other factors such as tumor and vascular malformations con-
tlicting the trigeminal nerve root, this condition is defined as
secondary trigeminal neuralgia. Both classical and secondary
trigeminal neuralgia are expected to be good indicative for
surgical treatment such as MVD or removal of intracranial le-
sions”. However, the presence of typical facial pain of trigemi-
nal neuralgia does not guarantee the existence of an offender,
and this condition is termed idiopathic trigeminal neuralgia.
In addition, if there is background pain in combination with
the typical symptoms of trigeminal neuralgia, it is separately
classified into a concomitant continuous pain group.

Thus, the most important feature for the diagnosis of tri-
geminal neuralgia is the clinical observation of typical facial
pain®”. However, clinical situations in the real world are more
complex than those expected, as practically, typical pain is not
always easily distinguished from atypical facial pain, and pa-
tients with facial pain often describe their pain in ambiguous
ways. Furthermore, pain in the trigeminal dermatomes may
be observed in other pain syndromes that have different
pathogenesis and clinical courses. In other words, the diagno-
sis of trigeminal neuralgia should be based on observation of

the typical symptoms of patient’s pain; the presence of the
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symptoms cannot be exclusively correlated to the existence of
trigeminal neuralgia. Therefore, clinicians should always con-
sider the possibility that other facial pain syndromes could be
misdiagnosed as trigeminal neuralgia especially in an early
stage of the disease.

There are three categories of craniofacial pain syndrome
possibly confused with typical pain of trigeminal neuralgia in
ICHD-3 beta : trigeminal autonomic cephalalgia (TAC), pain-
ful trigeminal neuropathy, and persistent idiopathic facial
pain®.

The most well-known subcategory of TAC is cluster head-
ache, which is characterized by intermittent unilateral perior-
bital pain accompanied by autonomic symptoms, such as na-
sal congestion and conjunctival injection™””. In cluster
headache, as the periorbital area overlaps with the nerve dis-
tribution of the ophthalmic nerve (V1), it may be misdiag-
nosed as trigeminal neuralgia at the V1 area. Other facial pain
syndromes included in TAC are paroxysmal hemicranias,
short-lasting unilateral neuralgiform headache attack, and
hemicranias continua. Although there are small differences in
the frequencies or duration of pain, all of these syndromes
have common features in that the main symptom is severe
paroxysmal periorbital pain in combination with the auto-
nomic nervous symptoms”.

Painful trigeminal neuropathy indicates neuropathic pain
along the trigeminal nerve distribution caused by herpes zos-
ter, trauma, or other etiologies. Symptoms of painful trigemi-
nal neuropathy are common symptoms of neuropathic pain
such as hyperalgesia, allodynia, dysesthesia and paresthesia,
which are accompanied by dysfunction of the trigeminal
nerve™’”

Persistent idiopathic facial pain refers to pain previously
called atypical facial pain. While trigeminal neuralgia is char-
acterized by intermittent paroxysmal facial pain with refrac-
tory period between attacks, persistent pain without a definite
refractory period is the hallmark of the persistent idiopathic
facial pain*”. As described above, however, persistent pain be-
tween paroxysmal attacks might be presented in patients with
trigeminal neuralgia in the concomitant continuous pain
group”””. The persistent idiopathic facial pain could also have
waxing and waning patterns. Practically, difficult cases in
which trigeminal neuralgia and persistent idiopathic facial
pain cannot be clearly distinguished are presented.

Hence, trigeminal neuralgia may be initially incorrectly di-
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agnosed. Even though a physician is aware that a patient's
symptoms may be vague and mixed with typical and atypical
facial pain symptoms, accurate diagnosis is not always possi-
ble. Therefore, in actual clinical practice, a clinician often
judges the diagnosis of patients with facial pain in terms of the
progress in response to a particular treatment. Therefore, an
appraisal that there was an initial misdiagnosis of trigeminal
neuralgia may just be an explanation for the unsuccessful
treatment outcomes rather than contemplation based on prin-

ciples of pathophysiology.

Progression of trigeminal neuralgia and compli-
cation of surgery

As described above, the ICHD-3 beta is referred for diagno-
ses based on symptomatology rather than the pathophysiology
of craniofacial pain syndromes, including trigeminal neural-
gia. However, similar to other facial pain symptoms, it is also
true that the symptoms of the patients with trigeminal neural-
gia may change over time.

The first treatment of choice for trigeminal neuralgia is car-
bamazepine, and most patients are reported to respond well to
this medicine®. However, this primary medicine does not
work in many patients when trigeminal neuralgia is re-
curred™. In case of medically intractable classical trigeminal
neuralgia, MVD should be considered a surgical treatment
option. It has been reported that immediate pain relief rate of
the MVD ranged between 80% and 98%". However, there are
significant recurrent rate after the MVD in a long-term fol-
low-up ranging 9-30%. Many reports addressed that reopera-
tion for recurred trigeminal neuralgia had failed to find a
newly developed vascular conflict.

Similarly, the percutaneous radiofrequency rhizotomy of
the gasserian ganglion has been known to be effective for
medically intractable trigeminal neuralgia with a success rate
between 80% and 100%””. However, recurrence rate of the ra-
diofrequency rhizotomy was as high as 75% in a long-term
observation. It is considered that an ablated ganglion does not
regenerate; therefore, it is reasonable that the change of patho-
physiologic condition related to facial pain is responsible for
the recurrence of facial pain.

Anesthesia dolorosa, which is caused by iatrogenic damage
of trigeminal nerve, is another type of disorder as a result of
surgical treatment of trigeminal neuralgia. Generally, damage

of the neuronal component could cause abnormal signal
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transmission above the level of injury. When this abnormal
signal transmission becomes permanent, neuropathic pain
may develop along with abnormal neural activities. In ICHD-
3 beta, anesthesia dolorosa is classified as a type of painful tri-
geminal neuropathy. It is accompanied by the symptoms of
typical neuropathic pain, such as hyperalgesia, allodynia, hy-
poesthesia, spontaneous pain and paresthesia. In many cases,
a patient with anesthesia dolorosa usually complaints of severe
pain on the face that is typically resistant to all aspect of con-
ventional therapeutic strategies.

Traditional hypothesis explaining pathogenesis of trigemi-
nal neuralgia is as follows : demyelination is caused by vascu-
lar or other causative factors, conflicting the nerve root exit
zone of the trigeminal nerve. The demyelination is considered
to evoke ephaptic transmission and ectopic impulse genera-
tion, causing typical facial pain to occur. This concept ad-
dresses events between the gasserian ganglion and the trigem-
inal nucleus, while events proximal and distal to this region
are kept out of interest. It can be assumed that chronic tri-
geminal neuropathy caused by pathogenesis other than the
traditional hypothesis may not be improved by conventional
treatment. For more discussion on neuromodulations of the
chronic trigeminal neuropathy failed by conventional treat-
ments, the neural networks and its role above the trigeminal

nuclei should be considered.

NEUROANATOMY OF FACIAL PAIN

Centrally mediated abnormal nociception is yet to be eluci-
dated. Role of brain activity in an intractable facial pain is still
under active investigations. New knowledge on how chronic
intractable pain is processed and manifested opens hitherto
unknown way for the developments of neuromodulation for
facial pain. In this section, nociceptive network of the central

nervous system is reviewed in an integrative order.

Primary sensory neuron of the trigeminal nerve
Craniofacial sensory information is conducted via the tri-
geminal and occipital nerves. Facial sensory information is
delivered via three trigeminal nerve branches (V1, V2, and
V3), of which the primary sensory neuron is located at the
gasserian ganglion. Sensory information of meninges travel

through meningeal afferents, which is joined together with



the V1 branch and activates the meningeal afferents, causing
referred pain on the V1 area. Primary sensory neurons inner-
vating the occipital and parietal area are located in the C2 and
C3 ganglia, which branch the greater and lesser occipital
nerves. Like other somatosensory systems, craniofacial sensa-
tion is also divided into informational sense (also known as
discriminative sense) and noxious sense (also known as pain
and temperature sense), which travel through the distinct

pathway beyond the primary sensory neurons.

Second- and third-order sensory neurons

The myelinated AP fiber from the gasserian ganglion syn-
apses with the chief trigeminal sensory nucleus, where the
second-order sensory neuron for the discriminative sensation
from the trigeminal nerve is located. The projection fiber
from the chief trigeminal sensory nucleus is decussated, and
ascends via the contralateral trigeminal lemniscus to the ven-
tral posterior medial (VPM) nucleus of the thalamus, which is
the third-order sensory neuron. Then VPM relays sensory in-
formation of the face to the primary somatosensory cortex on
the parietal lobe, which completes recognition of discrimina-
tive sensation.

In contrast, a potentially noxious sense such as pain and
temperature travels via the Ad and C fibers, and it synapses
with its second-order sensory neuron, the trigeminal nucleus
caudalis. Interestingly, this nucleus is a rostral extension of the
dorsal horn of the spinal cord that is located between the cer-
vicomedullary junction and C2-3. Due to this structural fea-
ture, nociception from the trigeminal nerve, and C2 and C3
synapse together at the trigeminal nucleus caudalis as their
common second-order sensory neuron of the head and face
(® in Fig. 1).

Pain is composed of three dimensions: sensory, affective,

e 68
and motivational®

. From the trigeminal nucleus of caudalis,
the nociceptive information travels through different path-
ways according to the three dimensions. The sensory dimen-
sion of pain directs to the VPM, then to the primary somato-
sensory cortex like the discriminative sensory pathway, which
recognizes a presence of potential tissue damage (B) in Fig. 1).

Recognizing a sensation is not enough; however, for estab-
lishing pain, as pain is an unpleasant and emotional sensory
experience, affective and motivational dimension must be
presented. From the trigeminal nucleus caudalis, nociceptive

information ascends and synapses to the three nuclei : to the

Neuromodulation for Trigeminal Neuralgia | Chung M, et al.

periaqueductal gray (PAG), parabrachial nucleus (PBN), and
intralaminar thalamic nuclei®”*. Among the several intrala-
minar thalamic nuclei, the centromedian parafascicular nu-
cleus (CM/PF) is the largest nucleus, and coordinates many
important brain functions™. Hence the CM/PF will be dis-
cussed in this section as a representative nucleus of the intral-
aminar thalamic nuclei. It can be said that the second-order
nociceptive neuron is located at the CM/PF because the PAG
and PBN also relay nociceptive signals from the trigeminal
nucleus caudalis to the intralaminar thalamic nuclei******”,
Finally nociception reaches to the anterior cingulate cortex
(ACC), and insular cortex which are considered the center of
affective and motivational dimension of pain®*”. The system
for perceiving the affective and motivational dimension of
pain, i.e., from primary sensory neurons via the PAG, PBN,
and CM/PF to the ACC and insular cortex, is called the medi-

. 68,82)
al pain system™ .

Brain connections for affective and motivational
aspect of pain

As mentioned above, for any sensation in the face to be rec-
ognized as pain, not only recognition of tissue damage in the
primary sensory cortex but the recognition of unpleasantness
and negative emotion in the ACC and insular cortex must also
be presented”™. In other word, the VPM and somatosensory
cortex recognize presence of potential tissue damage, and the
CM/PFE, ACC and insular cortex impose what that potential
tissue damage means to the individual. Therefore, it is very
important to understand hedonic process of pain that is oper-
ated in brain networks consisting of afferent and efferent con-
nections with the ACC and insular and their output structures
for discussing neuromodulation of intractable pain syn-
dromes.

The PBN (© in Fig. 1) receives collaterals from the trigemi-
nal nucleus caudalis, nociceptive signals from other parts of
the body, and visceral sensory information from internal or-
gans via the nucleus tractus solitaries™'**"*”, The PBN inte-
grates those nociceptive and visceral sensory information and
relays to the CM/PF, hypothalamus, amygdala, and basal fore-
brain, by which brain activity is coordinated appropriately
27 The PBN also send output

to the PAG, which participates in the descending pain modu-
13,16,55)

against noxious stimulation

lation system discussed below

The PAG (D in Fig. 1) receives nociceptive input not only
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Fig. 1. Nociceptive networks related to the trigeminal nucleus. Nociception from the trigeminal nerve enters the central nervous system via trigeminal
nucleus caudalis (®). This primary sensory nucleus sends nociceptive information to the ventral posterior medial nucleus (VPL, ®), parabrachial nucleus
(PBN, ©), periaqueductal gray (PAG, ©), and the centromedian (CM)/parafascicular (PF) nucleus (®). The CM/PF projects glutamatergic fibers to the
striatum (@), and relays polysensory integrative information throughout the entire cortices, especially to the anterior cingulate cortex (®), insular
cortex, prefrontal cortex, primary sensory cortex, and motor cortex. The anterior cingulate cortex and the prefrontal cortex release efferent to the
hypothalamus (D) and the amygdala (@), which processes affective and emotional aspects of pain. The motor cortex (®) projects output signal to the
subthalamic nucleus (STN) and the striatum, involving procedural memory formation of the basal ganglia. Output signal from the basal ganglia is
relayed via the substantia nigra pars reticulata (SNr) and the globus pallidus internus (GPi) to the thalamic recipient. The hypothalamus regulates the
autonomic nervous system via the ventral tegmental area (VTA) and the PAG. The PAG releases descending signals for pain modulation (broken arrows)
to the nucleus raphe magnus (NRM, ®), which in turn modulates the trigeminal nucleus caudalis. The amygdala also participates descending pain

modulation via locus coeruleus (LC) to the trigeminal nucleus caudalis. VPM : ventral posterior medial.

from the trigeminal nucleus caudalis but also from the PBN,
hypothalamus, amygdala, prefrontal cortices (PFC), and ACC
where affective and motivational aspects of pain are pro-
cessed™ "7 The PAG plays the major site of emotional mo-
tor system, which integrates affective and motivational pain
information, and returns emotional reactions such as fight or
tlight, heart rate, blood pressure, and vocalization to each part
of the body™””. Furthermore, the PAG relays integrative signal
to the nucleus raphe magnus (&) in Fig. 1) where the descend-
ing pain modulation system operates toward the spinal cord
dorsal horn**7%%,

The CM/PF (® in Fig. 1) plays a key role in the transmis-
sion of the affective and emotional component of pain from
the spinal cord to the cerebral cortex™*”. The noxious signal
may be delivered to the CM/PF directly from the spinal cord
or indirectly via the PAG and PBN'****. The CM/PF relays
noxious signal to the ACC, insular cortices and PFC, which
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participates the perception of affective and emotional aspects
of pain®****”. The CM/PF also sends large amount of output
signal to the striatum via the thalamostriatal circuit, which is
an important route connecting the basal ganglia”. The CM
primarily mediates the sensorimotor aspect of pain, while the
PF formally participates in the orchestration of the affective
and motivational aspect of pain in between the brainstem, ce-
rebral cortex, and basal ganglia®’.

Furthermore, the ACC, PFC, and motor cortex project their
collaterals to the striatum (© in Fig. 1) with partially interdig-
itated fashion in functional regions™*”. By these corticostria-
tal projections, cortical activities stimulate the basal ganglia
system that encodes procedural memories of sensorimotor,
associated, and limbic function of the brain®”. The CM/PF re-
ceives striatal outputs via the globus pallidus internus (GPi)
and substantia nigra pars reticulata in a double negative mod-

ulation system, i.e., signal of gamma aminobutyric acid™. The



CM/PF sends orchestrated signals back to the striatum via the
thalamostriatal circuit that constitutes the thalamostriatal
feedback loop™*”. Through the connections with brainstem,
the basal ganglia, and cerebral cortex, the CM/PF is engaged
in processing of nociception and pain response, and polysen-
sory integration in general, which is considered to be a gate
control function™.

In conjunction with the insular cortex, the ACC (& in Fig.
1) recognizes the unpleasantness of pain and integrates emo-
tional and affective components, for the purpose of having a
role in planning a physical response to pain®’”. Neurons in
the ACC respond mainly to noxious stimuli but they do not
recognize a location of the injured body. Emotional response
is more prominent in more anterior aspects of the ACC, while
perception of unpleasantness is more responsive in the poste-
rior ACC™. The ACC sends affective and motivational out-
puts to the striatum, PFC, hypothalamus and amygdala®.
Some affective and motivational signals are incorporated with
signals from the motor cortex in the caudal putamen, which
participates in the sensorimotor circuit of the basal ganglia".
The other signals from the ACC cooperates with signals from
the PFC in the rostral putamen and nucleus accumbens, and
they participate in the associative and limbic circuits of the
basal ganglia™. Signals sent to the PFC, hypothalamus, and
amygdala are associated with the activation of motivational
functions related to pain.

The PFC is a region which has the opioid receptors, which is
the center of motivational aspect of pain such as predicting
the onset of pain, avoiding pain, and generating will against
pain®®”. Alcoholic behavior, drug seeking behavior, or binge-
type eating disorder can be seen in dependent of activity of
the PFC”. It participates in emotional regulation of the basal
ganglia via connection with the nucleus accombens, which
evokes involuntary motivation related to avoidance of pain”.
The PFC projects a large amount of fibers to the hypothala-
mus and to the amygdala via the medial forebrain bundle and
uncinated fasciculus, respectively””.

The hypothalamus ((D in Fig. 1) is the control center of the
autonomic nervous system. It receives affective and motiva-
tional information related to pain from the ACC and PFC,
and it activates the autonomic nervous system to support exe-
cution of motivations by changing heart rate, respiration,
muscle tension or bowel movement™. The hypothalamus also

receives noxious information from the PBN, and has recipro-
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162627 Efferent fibers direct

to the ventral tegmental area (VTA), which in turn modulates

cal connection with the amygdala

the basal ganglia and thalamus, and to the PAG, which plays
as the emotional motor system as addressed above™ """’

The amygdala (D in Fig. 1) receives massive affective and
motivational inputs from the PFC and ACC, and nociceptive
inputs from the PBN as the hypothalamus does. When this
information cooperatively activates the amygdala, it may
evoke fear, aggression, anxiety or stress that related to pain'*>
The amygdala has reciprocal connections with the PAG and
hypothalamus, and sends output signals to the locus coerule-
us. The locus coeruleus releases noradrenergic transmission to
the trigeminal nucleus caudalis, which induces antinocicep-
tion as a part of the descending pain modulation system™”".

There are also motor responses responding to pain sensa-
tion other than the reflex of the autonomic nervous system.
The motor cortex (K in Fig. 1) receives noxious information
from the CM/PE. The pyramidal neuron of the motor cortex
not only mobilizes voluntary motor system through the corti-
cospinal tract but also releases collateral projections to the
sensorimotor region of the striatum, i.e., the putamen. This
collateral projection may facilitate the sensorimotor circuit of
the basal ganglia, so that an extrapyramidal symptom of the
sensorimotor circuit may appear’”. Affective components of
pain signal from the ACC that synapses in the putamen forms
an integrative signal of the affective and sensorimotor aspects

. 14
of pain”

. The integrative signal from the putamen is delivered
via the globus pallidus internus to the thalamic recipients, i.e.,
the ventral anterior, ventral lateral nuclei and CM/PF. In the
CM/PF, the integrative sensorimotor signal participates in the
processing of nociception, pain response and polysensory in-
tegration in general, and engages in the overall motor output

related to pain™.

POTENTIAL TARGETS FOR NEUROMODULATION
OF TRIGEMINAL NEURALGIA

Following the aforementioned background, ready to discuss
how to build a strategy of neuromodulation for chronic tri-
geminal neuropathy. As pain is a complex phenomenon that is
subjectively experienced through the collaboration of related
brain networks, neuromodulation techniques with a single

target may not be enough for adequate pain control™”. When
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severe facial pain persists even after exhausting all available
conventional therapeutic methods, neuromodulation could
provide a last resort for these patients. Although past clinical
experiences showed weak evidence on neuromodulation as an
effective option for chronic trigeminal neuropathy, as the
mechanisms of analgesic stimulation are yet to be clearly de-
lineated, new knowledge may pave the way for better neuro-

modulation in the future™.

The VPM and the PAG stimulation

The VPM nucleus of thalamus (B in Fig. 1) has long been
considered as a preferred target for intractable trigeminal neu-
ropathy due to the following reasons™*****”. First, the VPM
relays somatosensory information from the face via the spino-
thalamic and lemniscal pathways to the primary somatosen-
sory cortex. Second, since the 1970s, it has been known that
paresthesia evoked by an electrical stimulation may have an

12304792 Third, the gate-control theory, a very

analgesic effect
popular ideological theory, addressed that facilitation of a
large-diameter fiber could suppress propagation of pain and
temperature signals conducted via small-diameter fibers™.

The PAG (D in Fig. 1) was firstly introduced by Richardson
and Akil™ as another target for analgesic DBS in the 1970s.
Then Hosobuchi et al.” reported that analgesic effect pro-
duced by electrical stimulations of the PAG leads to the pro-
duction of the endorphin in this region. The PAG is consid-
ered to be a hub of the descending pain-modulation system,
so it has long been considered another principal target for in-
tractable trigeminal pain®®"**"",

Several studies utilized both targets for neuromodulation of
chronic trigeminal neuropathy, and early evidence of DBS at
the VPM and the PAG showed favorable results for those patie

2,6,30,31,38,44,49,63,70,85
"% Tt was reported that long-term success

nts
rates, i.e., more than 50% of pain reduction perceived by pa-
tients, were varied ranging from 0% to 83%”. Nevertheless,
most of these studies concluded that DBS of the PAG and the
VPM may be effective in treatment of chronic intractable pain
syndromes. Among those, chronic trigeminal neuropathy was
reported with relatively better results than the other pain syn-
dromes™".

However, the phenomenon of tolerance that indicates re-
duction of initial therapeutic effect over time was consistently
reported*”. In 2001, Coffey”” reported results of two multi-

center trials conducted by the device manufacturer, of which
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the original purpose was acquisition of approval from the US
Food and Drug Administration. However, it had several as-
pects that were inappropriate for scientific literature. The in-
dependent variable was commercial models produced by the
manufacturer rather than disease categories or stimulation
targets. Institutions participated in this trial were too hetero-
geneous that made the treatment outcome unreliable. More-
over, important clinical information such as DBS targets stim-
ulated, the number of electrodes, and the parameters were not
defined®*”. This study reported that percentages of patients
with more than 50% pain relief were 46.1% and 17.8% at 12
and 24 months, for the model 3380, and 16.2% and 13.5% at
12 and 24 months, for the model 3387, respectively. Based on
the observation, the author concluded that analgesic DBS had
no benefits. Unfortunately, this unsubstantial conclusion
seems to significantly discourage following investigators try-

ing to study brain stimulation for pain control.

MCS

The first MCS (®) in Fig. 1) was reported by Tsubokawa et
al.” in 1991. Twelve patients with deafferentational pain un-
derwent MCS, and nine of them presented with excellent or
good pain reduction after the MCS. From the point of view of
the gate-control theory by Melzack and Wall™”, it should be
the sensory cortex stimulation that would bring analgesic ef-
fects by the activation of the large-fiber somatosensory system.
However, stimulation of the sensory cortex had no analgesic
effect, and thalamic hypersensitivity was found to be inhibited
not by the sensory cortex stimulation but by the MCS™. Fol-
lowing studies also indicated that the MCS appeared to hold a
promising result for patients with chronic trigeminal neurop-
athy, deafferentational pain, and other forms of intractable
pain that failed to respond to conventional therapeutic strate-
gies” % A recent double-blinded randomized study for
MCS for chronic neuropathic pain showed that modest but
significant pain reduction differences between sham and ac-
tive stimulation of the MCS™. This study showed that analge-
sic effects of the MCS depended on the presence of the placebo
effect. Moreover, there are concerns that the MCS also lacks
long-term follow-up data on the effectiveness for pain control'”.

Those three types of neuromodulation technique, i.e., VPM
DBS, PAG DBS, and MCS, showed promising clinical results
in studies of early periods. However, such enthusiastic out-

comes were not supported by following studies bearing well-



designed and long-term follow-up data. These three targets
have a common limitation that they just focused on the con-
trol of the sensory component of pain. As pain has affective,
emotional, and sensory components, neuromodulation for
analgesia would not be successful only by modulating the sen-
sory component of pain. Therefore, the success of neuromod-
ulation for analgesia might depend on appropriately influenc-
ing the pathways integral to the various components of pain

perception.

Nucleus accumbens stimulation

Nucleus accumbens is situated at an anterior ventral aspect
of the striatum, which is responsible for reward-seeking be-
havior, motivation, and emotion*’". It receives glutamatergic
inputs from the PFC, CM/PF, amygdala, and hippocampus,
and receives dopaminergic afferents from the VTA™. For
this reason, the nucleus accombens is also believed to be en-
gaged in the emotional process of pain control. A case of nu-
cleus accombens stimulation for analgesia was reported,
which brought additional pain reduction along with periven-
tricular gray matter (PVG) stimulation*”. However, DBS of
the nucleus accombens for pain control was not supported by
clinical studies. The nucleus accumbens is a highly complex
and interdigitated structure of relatively large volume; there-
fore, it may be difticult to find the best location for pain con-

trol in the nucleus accumbens.

CM/PF stimulation

As discussed above, the CM/PF (® in Fig. 1) mediates poly-
sensory, motor, emotional, and affective information at the
center of the brain, so that CM/PF DBS possibly controls sen-
sory, affective, and motivational aspects of pain™. However, it
should not be ignored that the CM/PF also has very complex
and well-stratified regions each responsible for sensorimotor,

2728 This com-

associative, and limbic functions of the brain
plexity might restrict consistent clinical effects expected by
the CM/PF DBS. Interestingly, anatomical location of the
CM/PF is closely related to the PAG and PVG™. The CM/PF is
placed just lateral to the PVG, and is situated in the passage of
the electrode directing to the PAG™**. This anatomical
proximity to the PAG and PVG renders a question on whether
it is possible that the analgesic effects of PAG or PVG DBS is
partially induced by the leakage of electrical energy to the

CM/PF”. Recently, analgesic DBS of the CM/PF showed sus-
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tained improvement of chronic neuropathic pain in long-term
observations of >4 years’. The best stimulation effects were
obtained in patients with facial pain, brachial plexus injury, or
central pain. Furthermore, anatomical connections and the
neurophysiological role of the CM/PF make strong suggestion
that CM/PF DBS may be a reasonable alternative for chronic

trigeminal neuropathies™.

Subthalamic nucleus (STN) and GPi DBS

The authors of the present study believe that the most un-
derestimated targets of DBS for analgesia are the STN and
GPi. STN stimulation is known to modulate the GPj, substan-
tia nigra, motor cortex and non-motor limbic circuits. The
STN DBS has long been applied to alleviate movement disor-
ders, especially Parkinson’s disease. In Parkinson’s disease, the
principal purpose of the STN DBS is to control motor symp-
toms. Meanwhile pain, which is a common feature accompa-
nied by parkinsonian motor symptoms, was also shown to be
improved by the STN DBS in several studies™**

sic effect was not merely a consequence of the improvement of

). This analge-

motor symptoms but an independent phenomenon related to
a central modulation of pain threshold indicating that the
STN DBS may disrupt pathologic sensory-signal transduc-
tion™*. This is supported by the observation that STN and
GPi1 DBS increased blood oxygenation levels in the motor cor-
tex, cingulate cortex, and sensorimotor cortex in a frequency-
dependent fashion™.

Similarly, the GPi DBS has been shown to have analgesic ef-
fects. The GPi has been used as the primary target of stereo-
tactic surgery for the treatment of dystonia and dyskine-
sia”™**Y. As the GPi receives afferents from the striatum and
the STN, and projects efferents to the CM/PF, the ventral an-
terior/posterior nuclei, and the pedunculopontine nucleus, the
GPi DBS may affect brain networks using these afferent and
efferent fibers™. Among those, connections with the STN,
striatum and CM/PF could participate in the modulation of
pain perception. In the studies addressing clinical effects of
the GPi DBS on dystonia patients, pain reduction was consis-

%9 Interestingly, an-

tently reported after pallidal stimulation
algesic effect of the GPi DBS showed a tolerance indicating a
partial loss of initial pain reduction in long-term follow-up,
while the anti-dystonic effects had a delayed benefit, i.e., a
progressive increase in the therapeutic benefits in dystonia™*.

These mutually conflicting clinical course means that the
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therapeutic effects of the GPi DBS for pain and dystonia are

achieved through different mechanisms in the brain™.

ACC stimulation

The ACC (® in Fig. 1) used to be recognized as a target of
lesioning procedure for intractable pain'”. The ACC is located
dorsally to the genu portion of corpus callosum on the medial
surface of the brain, where it is relatively shallow from the cra-
nial vault, compared to the other DBS targets”. Surface area
of the ACC seems to be quite large as a single target for anal-
gesic DBS. DBS of the ACC was applied for the treatment of
refractory thalamic pain syndrome, which showed 35% of
pain reduction at 18 months follow-up*”. Levi et al.*” reported
that ACC DBS for intractable chronic pain significantly im-
proved scores of quality of life and physical functioning do-
main. To our knowledge, there is no study addressing ACC
DBS for chronic trigeminal neuropathy. Nevertheless, the
ACC is a higher center of the affective component of pain and
has a role in mediating emotional aspect of pain, so that ACC
stimulation might bear a potential for alleviation of intracta-

ble pain.

Hypothalamic stimulation

Numerous studies reported that DBS of the hypothalamus
((D in Fig. 1) was effective for treating cluster headaches, a ma-
jor type of TAC"*****"_ The hypothalamus is the central hub
for control of the autonomic nervous system, which is believed
to play an essential role in the pathophysiology of cluster
headache™. Although the DBS at the VTA was also reported
for the treatment of cluster headache, its effect may rather be
arising from stimulation of the hypothalamus than from the
VTA, due to the anatomical proximity between the VTA and
hypothalamus'. As the hypothalamus receives neural signals
from the ACC, PFC and PBN, and relays to the PAG, amygda-
la, and trigeminal nucleus caudalis, the hypothalamic DBS is
applied for other craniofacial pain syndromes, like migraine

and trigeminal neuropathy"*".

enopalatine ganglion and occipital nerve
Sphenopalatine gangl d pital
stimulation

The sphenopalatine ganglion is a large parasympathetic
ganglion located at pterygopalatine fossa***". Post-ganglionic
parasympathetic fibers innervate several craniofacial struc-

tures, including the lacrimal gland, nasal gland, meningeal
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vessels and cerebral blood vessels'”. Other nerve fibers, such
as sympathetic fibers and maxillary division of trigeminal
nerve, also encompass this ganglion***”. The sphenopalatine
ganglion has been targeted for neuromodulation of cluster
headache because it relays parasympathetic signal that is acti-
vated in paroxysmal attacks in trigeminal autonomic neurop-
athies. Several reports indicated that patients with sphenopal-
atine ganglion stimulation received pain relief in both short
and long-term studies””.

The occipital nerve, comprising of the greater and lesser oc-
cipital nerves, was stimulated to modulate several types of
medically intractable craniofacial pain syndromes, including
migraine, occipital neuralgia, cervicogenic headache, cluster
headache, and chronic trigeminal neuropathy'”******* As
the occipital nerve is directed to the trigeminal nucleus cauda-
lis, occipital nerve stimulation may modulate neural activity
of the primary sensory neuron of the craniofacial area'”
Therefore, occipital nerve stimulation may alleviate not only

¥ Occipital nerve

occipital area pain but also craniofacial pain
stimulation showed significant clinical benefit for migraine,
tension type headache, and cluster headache in long-term pro-
spective cohort studies™”. A multicenter randomized study of
occipital nerve stimulation for migraine indicated that about
40% of patients with migraine achieved appropriate headache
relief"”. Consequently, when conventional therapeutic strate-
gies fail, occipital nerve stimulation could be considered for

chronic trigeminal neuropathy.

CONCLUSION

Neuromodulation interventions for trigeminal neuralgia are
yet to be elucidated. Even though much research has been
conducted on this challenge for more than 40 years, a signifi-
cant volume of facial pain syndrome still remains truly intrac-
table. However, recent developments in the field of pain pro-
cessing and clinical data will endow new hope for the conquest

of chronic trigeminal neuropathy.
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