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Abstract

The role of the trigeminal system in facial and dural sensitivity has been recognized for a long time. More recently, the
trigeminal system has also been considered a prominent actor in brain nociceptive innervation. It is the anatomical substrate
of several frequent conditions, such as primary or secondary headaches, trigeminal neuralgia, and other orofacial pains.
Appreciation of the delicate anatomical arrangement of the trigeminal pathway is one of the keys to understanding these
conditions’ pathophysiology and to proposing innovative treatments. This review provides a structured presentation of exist-
ing knowledge about the trigeminal system, from classical anatomical data to the most recent literature. First, we present the
organization of the trigeminal pathway from the trigeminal divisions, nerve, and nuclei to the thalamus and somatosensory
cortex. We describe the neurons and fibers’ repartition at each level, depending on the location (somatotopic organization) and
the type of receptors (modal organization). Such a dual somatotopic-modal arrangement of the trigeminal fibers is especially
clear for the juxtapontine segment of the trigeminal nerve and the trigeminal nuclei of the brainstem. It has significant clinical
consequences both for diagnosis and treatment. Second, we explore how the trigeminal system is modulated and involved in
reflexes, for instance the trigemino-cardiac and the trigemino-autonomic reflexes, which could play an essential role in the
autonomic symptoms observed in cluster headache. Finally, we present how to interact with this complex system to relieve
pain mediated by the trigeminal system. This section covers both neuromodulatory and lesional approaches.

Keywords Trigeminovascular system - Cranial sensitivity - Trigeminal system - Somatotopy organization - Anatomy -
Cluster headache - Trigeminal neuralgia - Neuromodulation

Introduction neuroinflammation, blood flow regulation, and control of

arterial wall permeability. [12-16].

The trigeminal system is well known to support face, dura,
and pia sensitivity [1-7], as well as motor control of chew-
ing muscles [8]. The understanding of its involvement in
brain innervation has more recently dramatically expanded,
as it is now considered to be a major actor for brain noci-
ceptive innervation [6, 9-11], as well as playing a role in
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Despite sharing a single anatomical support—the trigem-
inal system—primary or secondary headaches, trigeminal
neuralgia, and other orofacial pains have distinct character-
istics. One of the keystones in understanding the pathophysi-
ology of these conditions is the somatotopic and modality-
specific arrangement of fibers within the trigeminal system.
The somatotopic arrangement refers to a point-for-point
correspondence of an area of the face to a specific point of
the trigeminal system. The modality-specific arrangement
corresponds to the segregation of fibers depending on the
modality (tact, proprioception, pain, temperature) they carry.

Methods

A PubMed search was performed, using the phrases
“Trigeminovascular system”, “Trigeminal system”, “Dura
mater innervation”, “Brain innervation”, “Trigeminal
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pathway” “Trigeminal nerve”, “Trigeminal ganglion”,
“Trigeminal nuclei”, “Trigeminal tract” trigeminal nuclear

9

complex”, trigemino-cervical complex”, “trigeminal thala-
mus”, “trigeminal somatosensory cortex”, “trigeminal con-
vergence” from 1929 to 2021.

Systematic reviews, historical, experimental animal, clin-
ical but also more recent functional imaging studies were
used to clarify the arrangement of fibers at different levels of
the trigeminal system. The references of these articles were
examined for additional sources, and we ended up selecting
194 articles for this review. Here we will focus on specific
aspects of this organization, which are important—or could
become important—in managing pain of the craniofacial
area.

Trigeminal nerve

This section focuses on the delicate anatomy of the trigemi-
nal system, from its three divisions to its cortical endings. It
will not cover its peripheral part, including brain vessels and
meningeal innervation. Readers interested in this trigemino-
vascular system and its possible implication in migraine may
refer to our previous dedicated review [7].

Trigeminal divisions

Taken together, the three divisions of the trigeminal nerve
constitute the largest cranial nerve: the mandibular division
(V3) counts 78,000 myelinated fibers, the maxillary divi-
sion (V2) 50,000 fibers, and the ophthalmic division (V1)
only 26,000. The first well-known level of somatotopy is the

Fig. 1 Topographic somatotopy
of the trigeminal divisions.

The three trigeminal divisions
(ophthalmic or V1, maxillary or
V2, and mandibular or V3) of
the trigeminal nerve get affer-
ents from the mucosa and skin
(a) and the dura matter (b), the
dural territory of V1 being the
largest one. In addition, afferent
fibers from the large cerebral
and pial arteries (c), and prob-
ably from the “pia arachnoid”
(trigeminovascular system),
reach the V1
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distribution of the dermatomes innervated by each of these
divisions (Fig. 1) [17].

e The V1 is responsible for the sensitive innervation of
the upper-facial skin and cornea, and of most of the dura
mater (anterior cranial fossa, falx, tentorium, venous
sinuses, and occasionally parieto-occipital region) [18,
19], brain proximal arteries, pial arteries, and probably
“pia arachnoid,” constituting the trigeminovascular sys-
tem [1, 2,4, 9-11, 20-22].

e The V2 is in charge of the sensitive innervation of the
mid-facial part (skin of the lower eyelid, nose, upper lip,
sinuses, nasal and oral mucosa, upper gums, and teeth)
and of a limited region of the dura mater (dura cover-
ing the middle cerebral fossa and the lesser wing of the
sphenoid bone) [18, 23, 24].

e The V3 innervates the lower-facial part (lower gums and
teeth, skin in the temporal region, part of the auricle,
lower lip) and a limited area of the temporal dura mater
[18, 23, 24]. The mandibular nerve (V3) also contains
efferent motor fibers for masticatory muscles.

Each of the trigeminal divisions carries fibers for touch,
proprioception, pressure, vibration, and nociception from
the face, and nociception from the meninges and brain blood
vessels [8, 25] without any clear fibers arrangement by
modality. Nevertheless, fibers of the trigeminovascular sys-
tem innervating brain vessels and meninges are exclusively
nociceptive and run within V1 branches [9]. This explains
why the section of the V1 division has been reported to
be frequently efficient in reducing headache, whereas
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disconnection of V2 or V3 would not affect its prevalence
[4, 18]. Interestingly, some of these meningeal nociceptive
fibers give collaterals reaching the extracranial space via
calvarial sutures. They then join somatosensory trigeminal
peripheral neurons innervating extracranial tissues such as
the periosteum or the muscles [26]. This convergence of
meningeal nociceptive inputs and external inputs at the level
of the trigeminal peripheral fibers possibly contributes to the
perception of pain originating from an intracranial stimulus
(such as migraine) in the periorbital and occipital region
(referred pain). [27].

Trigeminal ganglion
The three trigeminal divisions (V1, V2, and V3) reach the

trigeminal ganglion, containing 20,000-150,000 cell bod-
ies for most of the trigeminal sensory axons [17, 25]. These
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Tr tract
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Fig.2 Modal somatotopy within the juxtapontine portion. The three
trigeminal divisions (ophthalmic or V1, maxillary or V2, and man-
dibular or V3) of the trigeminal nerve contain proprioceptive (dark
blue), epicritic (light blue), and nociceptive (green) fibers. In addi-
tion, V3 includes motor (red) fibers for masticatory muscles. Within
the juxtapontine portion of the trigeminal nerve, fibers are somatotop-
ically organized depending on their modality: motor fibers originate
from the motor trigeminal nucleus (MotN), run in the pars minor, at
the dorsomedial aspect of the nerve, and finally join the V3 to dis-
tribute to the masticatory muscles. The pars intermediaris is located
at the dorsomedial aspect of the V juxtapontine portion. It contains
epicritic and proprioceptive fibers. Epicritic fibers join the principal
(PN) and rostral part of the spinal (SN, not represented) trigeminal
nuclei, whereas proprioceptive fibers reach the mesencephalic (MN)
trigeminal nucleus. Cell bodies of epicritic and proprioceptive neu-

— Tr ganglion

Juxtapontine portion

trigeminal neurons are pseudo-unipolar cells with two
axonal branches, one extending distally towards one of the
trigeminal divisions and the other running proximally up to
brainstem nuclei (Figs. 2 and 3) [8]. Due to these anatomical
features, trigeminal neurons are supposed to be capable of
conducting action potentials in both directions: orthodromi-
cally, towards the brain stem, for touch and pain perception,
but also antidromically, towards branches of the trigeminal
divisions. This antidromic conduction mediates the periph-
eral release of inflammatory neuropeptides by the trigeminal
system occurring in migraine. [6, 28].

The trigeminal ganglion also contains the somata of
proprioceptive neurons connected to Golgi tendon organs
and extraocular muscle spindles, but not to jaw muscles
spindles [29], located within the mesencephalic proprio-
ceptive nucleus of the brainstem. These proprioceptive fib-
ers for jaw muscles are involved in a reflex arc modulating

V3

Motor fibers (Pars minor)

Proprioc.fibers | pars

Epicritic. fibers | intermed
Nocic.fibers V1
(1/3 sup.med. pars major)

Nocic.fibers V2V3
(2/3 inf.lat. pars major)

rons connected to Golgi tendon organs and extraocular muscle spin-
dles are located within the trigeminal ganglion (not represented).
Cell bodies of the proprioceptive neurons connected to jaw muscles
spindles are found within the mesencephalic proprioceptive nucleus
of the brainstem. They send projections to the MotN for bite control
(jaw-jerk closing reflex) and the thalamus (not represented). The pars
major is located at the ventrolateral aspect of the nerve root. It con-
tains nociceptive fibers, which follow the trigeminal tract (Tr Tract)
to reach the spinal trigeminal nucleus (SN). Nociceptive fibers from
V1, including those from the cornea, are located at the dorsomedial
third of the pars major, whereas nociceptive fibers from V2 and V3
are more ventral and lateral. This explains the preservation of the cor-
neal sensitivity after a neurotomy limited to the ventrolateral part of
the V juxtapontine part
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Fig.3 Trigeminal tract and spinal trigeminal nucleus afferences and
somatotopy. A. Afferents fibers run through the three trigeminal divi-
sions (ophthalmic or V1, maxillary or V2, and mandibular or V3)
of the trigeminal nerve. V1, V2, and V3 run posteriorly towards
the trigeminal ganglion (Tr gangl., primary neurons) and then the
trigeminal root (Tr root). The trigeminal root converges to the pons
and fibers bifurcate: fibers for touch reach the principal nucleus (PN),
proprioceptive fibers enter the mesencephalic nucleus (MN, not rep-
resented), whereas nociceptive fibers follow a descending course up
to C2 or C3 within the trigeminal tract (Tr tract) to finally reach the
spinal trigeminal nucleus (SN). The trigeminal tract fibers are soma-
totopically organized, V1 being ventral, V2 intermediate, and V3
dorsal. The same ventrodorsal somatotopic organization exists in the
pars oralis (SNo), interpolaris (SNi), and caudalis (SNc) of the spinal
trigeminal nucleus. No clear somatotopic organization was described
for PN. For figure clarity, the trigeminal tract is represented dorsally

the degree of bite [8]. They run through the motor trigemi-
nal root, which is ventral to the trigeminal ganglion, and
then follows the V3 division. [30].

Functional MRI has confirmed a somatotopic arrange-
ment of ganglionic cells, ophthalmic cells being located
superomedially, mandibular cells posterolaterally, and
maxillary cells in between [25, 31].

@ Springer
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to the spinal nucleus, whereas it is lateral. C1 vent: ventral root of the
first cervical spinal nerve; C2 vent: ventral root of the second cervical
spinal nerve; C2 dors: dorsal root of the second cervical spinal nerve.
B. Onion skin pattern of Dejerine. The face is divided into concen-
tric rings from the perioral to the preauricular regions (a—f). Nocicep-
tors of the central facial zone (a, b) project rostrally within the SN,
whereas the most peripheral facial area is represented in the caudal
SN (e, f). The rostrocaudal extent of these projections varies across
publications and is drawn here on the whole SN. Nociceptive fibers
from the upper cervical roots (circles) and the V1 (frontal areas e and
f, and anterior skull base dura mater, superior sagittal and transverse
sinuses) converge onto the same cervical central neurons. Their noci-
ceptive stimulation induces a referred pain, which is perceived in the
frontal area regardless of the intracranial or cervical site of stimula-
tion. The precise cutaneous projections of areas a-f onto the SN are
largely unknown, and the limits displayed here are only indicative

Trigeminal root

The trigeminal sensory root extends from the trigeminal
ganglion to the ventrolateral aspect of the pons. At about
12 mm from the pons, central myelin replaces peripheral
one, and this transitional area (Trigeminal Root Entry
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Zone or TREZ) is considered to be more vulnerable, and
the site of most neurovascular compressions. [32].

The percentage of myelinated fibers involved in touch
and proprioception is higher (50%) within the trigeminal
root than in the dorsal root of spinal nerves (20-30%),
possibly because of the high tactile discrimination in the
face [33]. Fibers tend to group according to their modal-
ity (Fig. 2) [34-38]. As a result, at the juxtapontine level,
three groups of fibers can be distinguished based on their
modality, from lateral to medial: pars major (nociceptive
fibers), pars intermediaris (epicritic and proprioceptive fib-
ers), and pars minor (motor fibers). Corneal fibers have clas-
sically been considered to run within the pars intermediaris
dedicated to epicritic sensitivity [34] and reach pontine and
spinal trigeminal nuclei. Nevertheless, electrophysiological
and microscopical studies have demonstrated a purely nocic-
eptive corneal innervation (free-endings, non-myelinated C,
and small myelinated Ad fibers), which pleads for an exclu-
sive localization of corneal fibers within the pars major. [38].

Additionally, nociceptive fibers of the juxtapontine pars
major are somatotopically organized, with an arrangement
of fibers from ophthalmic (V1), maxillary (V2), and man-
dibular (V3) from dorsomedial to ventrolateral. Nociceptive
fibers from the V1 division—including corneal ones—usu-
ally occupy the dorsomedial third of the pars major, whereas
the remaining ventrolateral two-thirds contain fibers from
the V2 and V3 divisions [38]. This anatomical arrangement
explains why trigeminal neuralgia without vascular conflict
can be successfully treated by a rhizotomy limited to the
ventrolateral two-thirds of the pars major without impair-
ment of corneal sensitivity nor of the corneal reflex (see
below) [38]. By contrast, the corneal reflex usually weakens
or disappears after the whole section of the pars major and
preservation of pars intermediaris [36, 39, 40]. Similarly,
headache improvement after total section of the pars major,
but not a rhizotomy limited to its ventrolateral two-thirds,
pleads for a location of trigeminovascular fibers within the
dorsomedial third of the pars major.

Trigeminal tract

Shortly after entering the brainstem, some trigeminal fib-
ers bifurcate to give a short ascending branch reaching the
principal trigeminal nucleus and a long one, descending up
to C2 or C3 within the trigeminal tract (Fig. 3) [25]. This
tract is adjacent to the spinal trigeminal nucleus to which it
distributes fibers [30]. It is caudally continued by a similar
distributing system for the spinal cord, the tract of Lissauer.

In the trigeminal tract, fibers from V1 are ventral, V2
intermediate, and V3 dorsal. A somatotopic organization
exists for the entire rostrocaudal extend of the nucleus, fib-
ers conveying inputs from V1, V2, and V3 being present
throughout the trigeminal tract. [30].

Clinical evidence also suggests a distribution by fibers’
modality, nociceptive fibers being lateral to heat-sensitive
ones [30]. In addition, fewer myelinated fibers—dedicated
to touch—have been observed in the caudal region of the
trigeminal tract, as compared to its rostral region. [17].

Trigeminal nuclear complex

The trigeminal nuclear complex has been anatomically stud-
ied in animal [41-46] and by imaging studies in humans [25,
47-49]. It is distinct from the motor trigeminal nucleus, not
included in this review. It is a long column of cells, located
in the dorsolateral brainstem, subdivided into (Fig. 3):

— The mesencephalic nucleus (MN) extending along the
lateral border of the central gray, from the superior col-
liculus level in the upper midbrain to the middle pons. It
is anterolateral to the fourth ventricle and medial to the
sensory trigeminal nucleus [8].

— The sensory trigeminal complex gathering, from rostral
to caudal:

— The principal trigeminal nucleus (PN), which is a small
nucleus located in the middle pons, at the level of the
entrance of the trigeminal nerve, and dorsolaterally to
the motor nucleus of the trigeminal nerve [48].

— The spinal trigeminal nucleus (SN), which is a long
nucleus located in the dorsolateral region of the brain-
stem. It extends from the midpons (caudal end of the
PN) to the cervical spinal cord levels C2 to C4, where
it is continued by the dorsal horn of the cervical spinal
cord [30]. SN is anterolateral to the fourth ventricle and
medial to the spinal trigeminal tract [8, 25, 30, 48]. This
nucleus is further subdivided into three cytoarchitectur-
ally and functionally defined parts, from rostral to caudal
[8, 25, 30, 48]: the pars oralis (SNo, from the mid-pons
to the rostral third of the inferior olive), the pars inter-
polaris (SNi, from the rostral third of the inferior olive
to the obex of the fourth ventricle), and the pars caudalis
(SNc, from the obex to C2-C4 level) [50, 51]. Transi-
tions between the various part of the sensory trigeminal
complex and between the trigeminal nucleus and upper
cervical spinal cord are gradual without clear limits. [50,
51].

All these nuclei have more or less pronounced—or
known—modal and somatotopic arrangements.

Arrangement of the trigeminal nuclear complex
by modality

The MN receives proprioceptive fibers from the teeth, peri-

odontium, hard palate, temporomandibular joint capsule,
and spindles and Golgi tendinous organs from extraocular
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and masticatory muscles [8]. As stated above, cell bod-
ies of fibers connected to masticatory muscles spindles
are located within the MN, whereas the others are in the
trigeminal ganglion. The MN mainly projects to the motor
trigeminal nucleus and is involved in bite control, but it
also projects to thalami with an ipsilateral predominance.
These thalamic projections can be direct or occur via the
PN and are participate in proprioceptive sensation.

The PN receives fibers connected to low-threshold
mechanoreceptors having small receptive fields involved
in facial touch perception. It mainly projects to the VPM
nucleus of the thalamus [17] and is regarded as the anal-
ogous of dorsal column nuclei, specialized in epicritic
sensitivity.

Finally, the SN is mainly dedicated to nociceptive and
thermoceptive fibers for the face. A finer arrangement by
modality exists within the three SN subnuclei:

-SNo plays an essential role in intraoral and den-
tal sensation, including intraoral pain, but it also
receives epicritic signals from the face [50, 52, 53].
SNo cells are associated with widespread recep-
tive fields and can show modality convergence, for
instance, from both cutaneous and tooth receptors
[17]. They are more specialized in processing short-
duration than tonic nociceptive information after
stimulation by noxious chemicals such as formalin.
[17]

-SNi receives cutaneous nociceptive or low-threshold
mechanoreceptive neurons, but its function remains
unclear [54]. Animal studies show that PNi enlarges
when the vibrissae in rodents are well developed and
may be involved in deep oral pain perception, simi-
larly to SNo [55]. It also projects to PN and SNc and
may be necessary for internuclear integration.

-SNc is similar to the dorsal horn of the spinal cord
for pain and thermal perception of the facial and cra-
nial tissues [8, 25, 30, 48], and shares a similar lami-
nar organization. It contains [30, 50, 52] a marginal
zone (resembling Rexed’s lamina (1), a substantia
gelatinosa (resembling Rexed’s lamina (2), and a
magnocellular layer (similar to Rexed’s lamina 3 and
4 of the dorsal horn).

A deeper zone corresponding to laminae 5 and 6 has
also been described [17]. Similar to what occurs in
the dorsal horn, most of the small-diameter myelinated
(Ad) and unmyelinated (C) fibers terminate in laminae
1,2, 5, and 6 of pars caudalis. SNc is more involved in
processing tonic signals than short-duration nocicep-
tive stimuli (e.g., by noxious chemicals [17]). AS fibers
are possibly involved in short-lasting non-inflamma-
tory pain, whereas the C-fibers are probably engaged
in long-lasting inflammatory pain [17].

@ Springer

Somatotopic arrangement of the trigeminal nuclear
complex

Three different somatotopic arrangements have been
described for the trigeminal nuclei:

First, fibers from the V1, V2, and V3 trigeminal divisions
end, respectively in ventral, intermediate, and dorsal posi-
tions in the SN (Fig. 3A) [8, 25, 30, 48]. For instance, the
dorsolateral region of the SNi receives input from the V3
branches, whereas its ventrolateral area receives input from
V1 and V2 branches. [46, 48].

Second, different facial regions are represented by long
rostrocaudal columns, each representing a distinct part of the
face, with midline regions represented medially and lateral
skin represented laterally. For instance, the SNo can be sub-
divided into a lateral portion, which receives afferents from
more lateral facial structure (including vibrissae in animals),
and a medial one, which receives afferents from intraoral and
nasal structures. [45, 48, 57].

Finally, the SN presents a specific arrangement of trigem-
inal projections, called the “onion skin” pattern of Déjer-
ine (Fig. 3B), [58] in which the face is divided into con-
centric rings from the perioral to the preauricular regions.
The central facial zone (nose and mouth) projects rostrally
within the SN, whereas the most peripheral facial area is
represented in the caudal SN (Fig. 3) [30, 50]. This ros-
trocaudal somatotopic arrangement in the SN is supported
by historical surgical studies (tractotomy at different levels)
[51] and clinical observations (intramedullary lesions or
acute demyelination). [30, 59, 60] The rostrocaudal extent
of the projections of the onion skin pattern of Dejerine onto
the SN varies across publications: it was initially limited to
SNc [30], other papers showing an extension throughout
the whole spinal nucleus [50, 61]. This discrepancy may
be related to the fact that studies on trigeminal nociception
have focused for a long time on nociceptive inputs from the
facial skin but not from deep oral structures. This probably
excluded SNo and SNi from somatotopic maps, even though
they are now recognized to play an important role in deep
oral structures and dental nociception [55]. Innervation of
the middle cerebral fossa and the middle meningeal arteries
is in agreement with this model: these territories are inner-
vated by the V2 and V3 divisions and project onto the rostral
two-thirds of the SNc and the caudal part of the SNi, but also
to the infra-trigeminal region ventral to SNi, to the nucleus
of the solitary tract, and the medullary reticular formation
[25, 62-65]. Similarly, in the rat, nerve fibers innervating
the middle cerebral artery are mainly deserved by the V2/V3
and project onto SNo and dorsocaudal two-fifths SNi [66].
More surprisingly, the same group of fibers also projects
to the PN, suggesting a non-purely nociceptive intracranial
innervation or a wider distribution of nociceptive inputs to
the trigeminal sensory nuclear complex.
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Following this model, the frontal area projects onto the
lower SNc located in the upper cervical spinal cord. Con-
sequently, nociceptive inputs from territories innervated by
the V1 (frontal area, anterior skull base dura mater, superior
sagittal, and transverse sinuses) and by the upper cervical
roots (neck, posterior fossa dura mater) both converge onto
the same cervical central neurons (Fig. 3B) [67, 68]. Their
nociceptive stimulation induces a referred pain, which is per-
ceived in the frontal area (V1 cutaneous territory) regardless
of the intracranial or cervical site of stimulation [56, 67].
This reinforces the peripheral convergence, which occurs at
the level of the trigeminal nerve (see Trigeminal nerve sec-
tion). The morphological and functional continuum between
the SN and dorsal horn of the cervical spine (Trigeminocer-
vical Complex) [69] may account for a large part of the phe-
notype of primary headaches.

Contrary to the extensive literature focusing on the soma-
totopic arrangement of SN, no clear somatotopic organiza-
tion has been described for PN, possibly due to its small size.

Despite this general organization, trigeminal projections
do not follow a strict somatotopic repartition. For instance,
in the rat and the monkey, the cornea projects heavily onto
the SNi/SNc junction (the “peri obex” region), but also
lightly to the SNc/C1 transition zone and sparsely to the
dorsal horn of C1-C3 spinal cord segments [63—65]. Moreo-
ver, “local circuit” neurons connecting PN to SNc have been
shown in the rat and support integration between subnuclei.
[17].

Finally, projections of trigeminal fibers are not restricted
to the trigeminal sensory nucleus. For instance, in the rat,
trigeminal fibers innervating the middle cerebral artery also
project onto ipsilateral dorsal motor nucleus of the vagus
nerve, bilateral lateral nuclei of the solitary tract at the level
of the obex, ventral periaqueductal gray including the dorsal
raphe, and C2 dorsal horn. [66].

Thalamus and deep brain nuclei

Secondary neurons, located in PN and SN, follow the ventral
(VTT) and dorsal (DTT) trigemino-thalamic tracts to join
the ventro-posteromedial (VPM), and to a lesser degree, the
ventro-posterolateral (VPL), dorsal and intralaminar nuclei
of the thalamus (Fig. 4) [27, 30, 48, 70-78]:

— The VTT, or trigeminal lemniscus, is a large tract aris-
ing from the ventral part of PN and SNo and SNi [47].
It crosses the midline along the median lemniscus (ML)
dorsal border and ascends just posterior to ML [25, 47].
It mainly joins the contralateral VPM [47, 78] but also
VPL. In agreement with its nuclei of origin (PN and SN),
lesions of the VTT lead to a contralateral sensory loss for
touch and pain. [79]

VITT

SNo/SNi

\\“‘.. A
cunnuc——\ O 0
\ [
grac nucl
\

spino-thal tract

SNc

dorsal horn |
cun fasc | E |

grac fasc N | -

Fig.4 Trigemino-thalamic neurons. The principal (PN) and spinal
(SN) trigeminal nuclei, in charge of tact and pain respectively, project
to the thalamus via three main pathways: the ventral trigemino-tha-
lamic tract or trigeminal lemniscus (VTT) arises from PN and rostral
SN. It crosses the midline and joins the dorsal aspect of the median
lemniscus (ML). The dorsal trigemino-thalamic tract (DTT) arises
from the dorsal part of PN and caudal two-thirds of SN (not repre-
sented) and reaches the ipsilateral thalamus. Finally, neurons from
the caudal SN, involved in nociceptive and extreme thermal percep-
tion, have a similar organization as the dorsal horn of the cervical
spinal cord: they cross the midline and join the spinothalamic tract
to reach the contralateral thalamus. SN and PN mainly project to the
ventro-posteromedial (VPM) and, to a lesser degree, the ventro-pos-
terolateral (VPL), dorsal and intralaminar nuclei of the thalamus. cun
fasc: cuneate fasciculus; cun nucl: cuneate nucleus; grac fasc: gracile
fasciculus, grac nucl: gracile nucleus

— The DTT arises from the dorsal part of the PN and the
caudal two-thirds of the SN and joins the ipsilateral thal-
amus. [48, 80]

Neurons of the caudal SN involved in nociceptive and
extreme thermal perception have a similar organization
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as in the dorsal horn of the cervical spinal cord. They
cross the midline and join the spinothalamic tract to reach
the thalamus [25, 30]. This organization agrees with the
morpho-functional continuum between the rostral cervi-
cal cord and the caudal SN (trigemino-cervical complex),
presented in §2.2.

Neurons located in Ventral Posterior nucleus of the
thalamus (VP) are somatotopically arranged: VPM and
VPL nuclei, respectively, receive input from the contralat-
eral half of the head and body [30, 79]. A more precise
somatotopic organization (thalamic homunculus) has been
described in animals, including primates [17, 70, 81, 82].
For instance, in VPM, intraoral tactile receptors (from
the tongue, teeth, and oral cavity) project medially to the
lips and upper face [17]. The proximity of regions of VPL
(responsive to finger and hand surface) and VPM (respon-
sive to the oral surface) explains the sensory disturbance
of the contralateral face and hand (cheiro-oral syndrome)
observed after limited vascular lesions in the area [17].
This somatotopic organization of the VPN/VPM system
is consistent with localizing nociceptive stimuli.

Interestingly, only 6% of VPM neurons respond to nox-
ious stimuli, suggesting that pain processing may occur in
additional sites [83]. One candidate for this is the posterior
part of the ventromedial nucleus (VMpo), located infero-
medially to VPM, which is involved in perceiving pain
and cold in the contralateral body and face. A somato-
topic arrangement exists in VMpo, with facial input being
anteromedial and limbs posterolateral.

The organization is entirely different for trigeminal pro-
jections to the intralaminar and dorsal thalamic nuclei,
that lack any organization by somatotopy or by modality,
reflecting the involvement of these nuclei in affective-
motivational aspects of nociception, without any important
role for pain localization. [80].

The trigeminal nuclei also project onto the hypothala-
mus; the trigemino-hypothalamic tract originates mainly
from nociceptive multimodal neurons and more rarely
from non-nociceptive neurons of the trigeminal nuclear
complex [84, 85]. The trigemino hypothalamic tract
ascends homolaterally in the brainstem to reach the hypo-
thalamus. There, half of the fibers decussates and reaches
the lateral and medial hypothalamus. The areas receiving
trigeminal inputs are those regulating homeostasis and
integrating pain with visceral afferent input [84-86].

Furthermore, the trigeminal system is connected to
the limbic system (amygdala, lenticular nucleus, nucleus
accumbens) and the periaqueductal gray via a polysynaptic
pathway. These projections are probably involved in the
transmission of visceral pain and emotions and may play
arole in affective aspects of facial nociception: [85, 87].
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Cortical projections

Tertiary trigeminal neurons located in various thalamic
nuclei project onto different areas of the cerebral cortex.
For instance, VPM projects to primary and secondary soma-
tosensory (S1/S2) cortices and the insula. By contrast, neu-
rons in posterior, lateral, or dorsal nuclei of the thalamus
project to multiple cortical areas, such as motor, parietal
association, retrosplenial, somatosensory, auditory, visual,
and olfactory cortices [27, 88-90].

The sensation of pain and thermal extremes becomes con-
scious at the thalamic level, but localization and perception
of intensity and quality of noxious stimuli require primary
and secondary somatosensory cortices [30]. In line with this
role in pain localization, these cortices have a clearly defined
somatotopic organization.

The primary somatosensory cortex (SI) dedicated to the
face, located in the ventral part of the postcentral gyrus, has
been extensively investigated for a specific spatial organi-
zation [91-93]. The exact somatotopy within the face area
(sensory homunculus) is still discussed despite the various
techniques used such as direct cortical stimulation, sensory-
evoked potentials, functional MRI, magnetoencephalogra-
phy (MEG), or positron emission tomography (PET). First
described by Penfield and Boldrey, the face representation
was depicted as non-inverted, “with forehead superior and
lower lip inferior.” [17] Nevertheless, evoked potentials
recorded from the cortical surface, analysis of Jacksonian
sensory seizures in patients, and fMRI studies have sug-
gested an inverted face representation within the somatosen-
sory cortex with the upper face inferior to the lips and oral
cavity [30, 94]. Moulton et al. suggested a concentric ring
or “onion skin” pattern for the facial primary somatosensory
cortical representation: anteromedial parts of the face (nose)
project ventrally within the post-central gyrus, whereas pos-
tero-lateral facial regions (ear) project more dorsally. [92]
Such an arrangement is consistent with results by Nguyen
et al., which found the nose and lips represented ventrally to
other facial areas” [95, 96].

Deafferentation following amputation or nerve section
induces a somatotopic reorganization of body representation.
During this phenomenon, the representation of a body part
adjacent to a denervated area expands into the deafferented
representation [97, 98]. For instance, after hand amputation,
the facial area may shift towards the region normally associ-
ated with responses from the hand, explaining why stimula-
tion of the face evokes sensations within the “phantom” hand
[79]. Similarly, referred facial sensation on the hand has
been recently observed after full-face transplantation [99]:
the patient felt sensations in the area from around the lips to
the forehead and ear after finger stimulation by brush. Two
months after the examination of referred sensation, fMRI
was performed and indicated that cortical areas for face and
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hand overlapped. Uysal [99] proposed that sensory input
from the hand “invades” the cortical territory corresponding
to the denervated face. Consequently, touch stimuli applied
to the hand activate the area of the brain initially dedicated
to the face and are therefore interpreted as coming from the
face.

The secondary somatosensory cortex (SII), located within
the parietal operculum, is probably involved in tactile object
recognition and memory, and pain perception [100, 101].
Its somatotopy is controversial: some fMRI studies have
confirmed a gross face-hand-foot somatotopic organization,
whereas others could not discriminate clusters activated by
hand and foot. [102].

Modulation of trigeminal signals and trigeminal
reflexes

The complexity of the trigeminal system is also due to the
multiple connections and modulations which occur along
the trigeminal pathway, and that are still only partially
understood.

The brainstem is a significant processing site for nocic-
eptive input and can play a crucial role in the pathophysiol-
ogy of various headache disorders. For instance, in an fMRI
study after noxious stimulation, Schulte et al. observed acti-
vations of multiple areas involved in trigeminal nocicep-
tive processing: spinal trigeminal nuclei, thalamus, second-
ary somatosensory cortex, insular cortex, and cerebellum
[103]. They also observed activation of a pain-modulating
network, including the periaqueductal gray, hypothalamus,
locus coeruleus, and cuneiform nucleus. Interestingly, the
left cuneiform nucleus activations positively correlated with
pain intensity rating, and trigeminal noxious stimulation
enhanced functional connectivity between bilateral spinal
trigeminal nuclei and between the cuneiform nucleus and
rostral ventromedial medulla [103].

The cerebellum’s role in pain processing remains poorly
understood [104-107]: in an fMRI study, Mehnert et al. pro-
vided evidence of specific cerebellar areas activation dur-
ing nociceptive trigeminal input. They also described robust
functional connectivity between the cerebellum and rostral
pons and between the periaqueductal grey and thalamus.
These functional relationships with areas involved in the
descending antinociceptive network plead for an important
role of the cerebellum in pain transmission, perception, and
control [104].

Additionally, the trigeminal sensory nuclei are directly
connected to various posterior fossa structures (superior
colliculus, cerebellar cortex, and deep nuclei [25]) and via
tegmental interneurons. The latter connect the trigeminal
sensory nuclei to the ocular motor nuclei, the motor nuclei
of the trigeminal nerve, the facial, glossopharyngeal, vagal,
hypoglossal nuclei, and the vestibular nuclei [25, 108—112].

For instance, Henssen et al. reviewed the central connec-
tions of the vagus nerve to explain the effectiveness of non-
invasive vagal nerve stimulation (VNS) in primary headache
disorders (see below) [113]. The vagus nerve contains vis-
ceromotor (thoracoabdominal parasympathetic) fibers from
the dorsal motor nucleus and somatomotor fibers for the
6th branchial arch (larynx muscles, but crico-thyroidian).
It also contains sensory fibers which enter the brainstem
and form the solitary tract. These fibers establish synapses
in the solitary nucleus, which sends output to the reticular
formation and several cranial nerve nuclei, including SN
[80]. The four nuclei sending or receiving fibers to/from the
trigeminal nerve (dorsal motor and ambiguus nuclei, nucleus
of the solitary tract, and SN) are extensively interconnected.
This is especially true for the interpolaris and caudal parts
of SN, PN, and the solitary tract nucleus, as demonstrated
by animal studies [111, 113-115].

As a consequence of these rich interconnections, the
trigeminal system is involved in several reflexes. The jaw-
jerk closing monosynaptic reflex (Fig. 2) is the closure of
jaws after a sudden stretching of the masseter muscle. Input
neurons (located in the trigeminal mesencephalic nucleus)
receive impulses from peripheral masticatory muscle spin-
dles and project onto the trigeminal motor nucleus. Output
neurons are motor neurons situated within the motor trigemi-
nal nucleus. They follow the pars minor to reach the V3
and the masticatory muscles. Closure of the mouth implies
a bilateral contraction of the muscles, which depends on
commissural internuclear connections between trigeminal
motor nuclei [30, 116]. The corneal polysynaptic reflex
is the bilateral closure of eyelids after a light touch of the
cornea. Primary nociceptive corneal neurons located within
the trigeminal ganglion project to the whole extent of the
spinal nucleus. They indirectly connect via lateral reticular
formation interneurons to both facial nuclei, which finally
project to orbicularis oculi muscles ipsilateral (direct cor-
neal response) and contralateral to corneal stimulation (con-
sensual corneal response) [30, 38]. The primary neurons
(located in the trigeminal ganglion) transmit the impulse
to the secondary neurons located at all levels of the spinal
nucleus. The secondary neurons then transmit their impulse
to bilateral facial nuclei via internuclear fibers of the lat-
eral reticular formation. The efferent fibers from each facial
nucleus reach their corresponding orbicularis oculi muscle
[30, 38].

The trigemino-cardiac reflex (TCR) is the sudden onset
of bradycardia, hypotension, apnea, and gastric hypermotil-
ity after physical or chemical stimulation of any branches
of the trigeminal nerve [117-120], or during stimulation of
the brainstem trigeminal pathway [119, 121]. Afferent sig-
nals reach the trigeminal sensory nucleus, which connects
to reticular interneurons. The latter join premotor neurons
of the nucleus ambiguus and the dorsal motor nucleus of the
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vagus nerve. This efferent pathway sends cardio-inhibitory
fibers to the myocardium [122]. Based on experimental evi-
dence, TCR could be mediated initially in the trigeminal
nucleus caudalis. [117, 119, 123].

The trigemino-autonomic reflex activates the parasym-
pathetic system after stimulation of the trigeminal complex,
leading to conjunctival injection, lacrimation, rhinorrhea,
and cranial vasodilatation. The caudal trigeminal nucleus
and upper cervical spinal cord are connected to the muco-
lacrimo-nasal/superior salivatory nucleus, which sends
preganglionic fibers to the facial nerve. These fibers exit the
facial nerve at the level of the geniculate ganglion to enter
the greater petrosal nerve and end within the pterygopala-
tine ganglion. There, they connect to postganglionic fibers,
which project to lacrimal and nasal glands. This reflex is
supposed to play an essential role in parasympathetic symp-
toms observed in cluster headaches and may be triggered by
the hypothalamus, which projects onto the superior saliva-
tory nucleus [124-126].

Trigeminal nerve: which target for which pain?

Modern pharmacological approaches successfully manage
some of headaches or facial pain. Still, some are resistant to
drugs and require alternative handling. Several procedures
have been developed in the last 50 years, including, for
instance, trigeminal surgical decompression in the cerebel-
lopontine angle [127]. Apart from these classical treatments,
invasive lesional and, more recently, less-invasive neuro-
modulatory approaches have been proposed to deal with
resistant headaches and facial pain. This section reviews
lesional, invasive neuromodulatory (implanted device), and
non-invasive neuromodulatory approaches in light of the
anatomical organization of the trigeminal system.

Lesional procedures

Lesional procedures for trigeminal neuralgia According to
ICHD-3, trigeminal neuralgia (TN) is defined as “recurrent
unilateral brief electric shock-like pains, abrupt in onset
and termination, limited to the distribution of one or more
divisions of the trigeminal nerve and triggered by innocuous
stimuli” [85, 128] Three categories can be recognized: clas-
sic TN, consecutive to vascular compression of the trigemi-
nal nerve at its root entry zone; secondary TN, straight to
various diseases such as multiple sclerosis or tumor com-
pressing the trigeminal nerve; and idiopathic TN, which
cause remains unknown [129]. Most patients are relieved
by pharmacological treatments such as carbamazepine or
other antiepileptic drugs. Several surgical approaches can
be proposed when TN becomes pharmacoresistant or when
drug side effects are too debilitating. Shortly it is a non-
ablative surgical procedure [130], which can be offered
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to patients with classic TN (vascular compression) with
a cure rate of 80-98% without hypoesthesia but 10-30%
recurrence [131]. By contrast, patients with secondary or
idiopathic TN are eligible for lesional procedures, such as
radiofrequency thermal rhizotomy, retrogasserian glycerol
rhizotomy, trigeminal balloon compression, stereotactic
radiation therapy, and radiosurgery. These methods use vari-
ous mechanisms but have a common target: limiting pain
transmission by directly lesioning small nociceptive fibers.
The nociceptive nature of the corneal innervation, conveyed
by the V1, restricts these methods to the V2 and V3 trigemi-
nal divisions. They offer pain relief but with a high rate of
facial sensory loss with numbness and frequent—possibly
neuropathic—pain recurrence, which often requires medi-
cation continuation or reoperation [38, 132—137]. Results
are variable [130, 138—142] and depend on multiple factors
[141] (type of trigeminal neuralgia, type of compression,
disease duration). Comorbidity and surgical team’s habits
are also involved in the choice of the technique. For more
details, refer to Table 1.

To deal with extreme cases of TN in therapeutic failure,
Dandy proposed in 1929 to partially section the trigeminal
nerve (partial sensory rhizotomy) [143] in order to discon-
nect nociceptive fibers before they enter the brainstem. This
method suffered from a lack of precise anatomical knowl-
edge on trigeminal somatotopy and was consequently not
fully codified; from procedure to procedure, rhizotomy of the
pars major of the trigeminal nerve was very partial or com-
plete and performed either at the juxtapontine portion or not.
Non-surprisingly, these various procedures had highly vari-
able results for pain relief and hypoesthesia, including loss
of the corneal reflex [38], and were gradually abandoned.

The detailed description of the somatotopy and modal
fiber arrangement in the juxta-pontine portion of the trigemi-
nal nerve has led to targeted partial sensory rhizotomy [38].
In the latter, only the ventrolateral two-thirds of the pars
major of the trigeminal nerve is sectioned at its juxtapontine
portion, preserving both the corneal nociceptive fibers (dor-
somedial third of the pars major) and epicritic fibers (pars
intermediaris) (Fig. 2). Compared to other lesional methods
for secondary or idiopathic TN, this procedure provides an
excellent outcome in terms of pain relief (86.4%), postopera-
tive partial and focalized hypoesthesia (22.7%), preservation
of corneal reflex (100%), and recurrence rate (31.5% at five
years). [38].

Lesional procedures for cluster headaches Cluster head-
ache (CH) is a primary headache belonging to the trigemi-
nal autonomic cephalalgias group. According to ICHD-3,
CH is a “severe or very severe unilateral orbital, supraor-
bital and/or temporal pain lasting 15-180 min”. It is
associated with ipsilateral prominent parasympathetic
features (conjunctival injection, lacrimation, rhinorrhea



Journal of Neurology (2022) 269:3443-3460

3453

Table 1 Methods limiting pain transmission by directly lesioning small nociceptive fibers, or by microvascular decompression (from [130, 138-

142])
Balloon compression RF thermocoag Glycerol rhizolysis Gamma knife and ste-  Microvascular decom-
reotactic irradiation pression
Modality Percutaneous compres- Percutaneous thermole- Percutaneous chemole- Focal irradiation of the Surgical cure of the

sion sion

Of the trigeminal ganglion or juxta ganglionic segment of the trigeminal

branches
Pain relief Immediate
55-95% 26-100%
5-years pain-free  54-80% 50-81%

Risks Trigeminal sensory deficit and anesthesia dolorosa

19-91%

34-83%

sion cisternal segment of vasculo-trigeminal

the trigeminal root conflict
before it enters the
pons

After 6-8 weeks Immediate

24-71%, 1 to 2 years 80-98%
post procedure

33-56% 61-80%

Facial numbness Mortality: 0.3%; CSF
fistula: 2.0%; hema-
toma/infarction:
0.3%; meningitis:
0.4%; hearing loss:
1.8%; facial palsy
1.6%; sensory loss:
2.9%

RF thermocoag radiofrequency thermocoagulation, CSF cerebrospinal fluid

or nasal congestion), myosis and/or ptosis, and agitation
[128, 144]. The most frequent one (80-90%), episodic
CH, is characterized by seven days to one year periods in
which recurring attacks occur. These “active” periods are
separated by pain-free periods lasting at least 3 months.
Chronic CH is defined as attacks occurring for one year or
longer without remission or with remission periods last-
ing less than three months. The pathophysiology of CH
is only partially understood, and the current hypothesis
is a dual activation of the trigeminal (ophthalmic branch
of the trigeminal nerve) and autonomic systems (sphe-
nopalatine ganglion). This dual activation is probably
induced by a generator of attacks, potentially located in
the posterior hypothalamic gray matter. It is then propa-
gated from the trigeminal to the autonomic systems via
the trigemino-autonomic reflex (see above, modulation
of trigeminal signals and trigeminal reflexes) [144-146].
The pharmacological CH management includes prophy-
lactic (verapamil or lithium) and abortive treatments (sub-
cutaneous injection of sumatriptan, oxygen inhalation).
Episodic CH is the most frequent form (85-90%) but can
become chronic in 10-15%. Refractory chronic CH rep-
resents 15-20% of chronic CH. This condition, in which
pharmacological therapies do not provide pain remission,
or become inoperant, is often referred to as “suicidal
headache”. [125, 144, 146, 147].

Various lesional procedures for CH, such as surgical
rhizotomy/section of the trigeminal nerve or thermole-
sion of the sphenopalatine ganglion, induced only short-
term pain relief and high risks of complications and were
therefore abandoned [144]. Nevertheless, lesions of the

sphenopalatine ganglion were considered more efficient on
CH attacks than those of the trigeminal nerve [144], plead-
ing to focus non-lesional procedures on this target (see next
section).

Invasive neuromodulation Invasive neuromodulation is
mainly used in CH. It uses implanted electrodes to stimulate
various anatomical targets in cranial pain circuits (occipital
nerve, sphenopalatine ganglion, hypothalamus) and is usu-
ally reserved for the most severe patients [143, 148].

Initially proposed for occipital nerve neuralgia, Occipital
nerve stimulation (ONS) is now the preferred technique in
refractory chronic CH patients and has also been used for
chronic migraine [144, 145]. ONS, which delivers a con-
tinuous electrical stimulation to the greater and/or the lesser
occipital nerves via a subcutaneous electrode, induces pares-
thesia in the occipital region [144, 149, 150]. Its exact mech-
anism of action remains unknown, but several arguments
suggest that ONS could involve a “gate control theory-like”
mechanism through modulation of convergent nociceptive
inputs into the trigemino-cervical complex [145, 146]. ONS
is similar to prophylactic treatment, in that it decreases CH
attacks frequency and intensity, but does not stop them after
had they begun. [144, 151].

Sphenopalatine ganglion (SPG) neuromodulation is an
interesting option in refractory chronic CH. A miniatur-
ized device is implanted within the pterygopalatine fossa in
contact with the sphenopalatine ganglion, which contains
sensory, parasympathetic, and sympathetic neurons [144,
152, 153]. It possibly modulates the trigeminal autonomic
reflex, in which the parasympathetic efferent component is
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mediated through the sphenopalatine ganglion. [144] In a
double-blinded trial, 68% of patients were significantly clini-
cally improved after stimulation, with pain relief in more
than 50% and/or reduction in attack frequency in more
than 50% [154]. SPG stimulation remains efficient over
24 months in the majority of patients [155]. The most fre-
quent side effect (81%) is a transient mild/moderate loss of
sensation in the V2 territory, which usually resolves within
three months [144, 154].

Deep brain stimulation (DBS) targets the posteroinfe-
rior hypothalamus, a region activated during CH attacks.
It aims to inhibit the presumed pain-attacks generator and
modulate non-specific antinociceptive systems, including
mesencephalic gray substance or orexinergic system [144,
156-159] (for more information, please report to the review
by Fontaine et al. [144]). The overall response rate (pain-free
patients or decrease in more than 50% of attack frequency)
is 60% [144]. Few stimulation-related side effects have been
reported. Still, in the limited published literature to date, the
risk of clinically significant cerebral hemorrhage is slightly
superior in hypothalamic DBS than movement disorder DBS
(1-5%) [144, 160]. DBS is therefore restricted to refractory
chronic CH patients after ONS failure.

Motor cortex stimulation (MCS) has emerged in the last
decades as an alternative technique to treat patients with
facial chronic neuropathic pain (FCNP) [161]. FCNP is a
devastating condition characterized by resistant pain located
in any of the territories of the trigeminal nerve branches
(V1, V2, or V3) or a non-dermatomeric area of the face. It
is referred to as resistant trigeminal neuralgia, trigeminal
neuropathic pain, trigeminal deafferentation pain, or atypi-
cal facial pain [162-167]. It can be the consequence of any
injury or pathological conditions all along the trigeminal
system. The surgical procedure consists in implanting an
electrode over the covering of the targeted area (motor cor-
tex). The mode of action of MCS in FCNP remains largely
unknown but could involve a central analgesic mechanism
[161, 168-170].

A review on MCS for FCNP [161] showed a positive
response in 44-100% of MCS-treated patients, but the
response to stimulation decreased over time in some patients.
The authors concluded that this technique is safe and effi-
cient when other options failed. Nevertheless, the published
studies are highly heterogenous for the origin of the pain
syndromes, surgical procedures, and methods for assessing
clinical outcomes. More extensive randomized controlled
multicentric studies are needed, but MCS could be consid-
ered in FCNP after the failure of less invasive options and
performed by an experienced surgical team. [161, 162, 171].

Non-invasive neuromodulation Non-invasive stimulation

uses transcutaneous electrical or magnetic stimulation to
target anatomical structures involved in pain transmission/
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modulation, for instance, the vagal and supraorbital nerves
or cortex [148] (for more information, please report to the
review of Hoffman et al.) [145]. They may be a safe and valu-
able complementary support to the pharmaceutical strategy.
Still, their action mechanisms remain partially unknown,
and randomized and sham-controlled studies have to con-
firm positive results observed in open-label trials [145].

Non-invasive vagus nerve stimulation (VNS) has been
proposed to manage migraine and cluster headache, in addi-
tion to some of the other trigeminal autonomic cephalalgias
(TACs) [172]. A small handheld device is placed on the neck
(GammaCore® device) or within the upper part of the ear
concha (cymba concha (NEMOS ® device), ipsilaterally to
the pain. It and delivers an electrical current inducing a light
cutaneous tingling sensation. Transauricular VNS stimulates
the auricular branch of the vagal nerve, which innervates
the concha, and transcervical VNS stimulates the cervical
segment of the vagus nerve through the neck [173-176].
According to Silberstein et al., VNS possibly uses the auto-
nomic trigeminal reflex circuits to inhibit the cortical spread
depression underlying migraine aura, regulate neurotrans-
mitter release, and modulate nociception by suppressing the
acute nociceptive activation of the trigemino-cervical system
[172]. VNS efficiency is quite challenging to assess because
evaluation criteria highly vary across trials [177—-182]. How-
ever, it has recently been shown to significantly decrease CH
mean attack frequency (64%), duration (43%), and severity
(23%) [172, 183]. It has recently been recommended by the
National Institute for Health and Care Excellence (United
Kingdom) as an effective treatment for CH and is FDA
approved in the USA for both attack and preventive therapy
in CH [172]. In migraine, non-invasive VNS was associ-
ated with a significant reduction in monthly migraine days
(»=0.043), monthly headache days (p =0.045) and acute
medication days (p=0.039). The pain-free rate at 120 min
increased by 10% in non-invasive VNS vs. sham [172]. In a
recent review, Silberstein et al. concludes that non-invasive
VNS should be considered «a first-line treatment for both
acute and preventive treatment of cluster headache, an effec-
tive option for acute treatment of migraine, and a highly
relevant, practical option for migraine prevention» [172].

The supraorbital nerve stimulation (Cefaly® device) was
proposed for acute and preventive treatment of migraine.
The handheld device is placed on the forehead and delivers
current pulses. The mode of action is unknown, but FDG-
PET and fMRI plead for functional changes in the orbito-
frontal cortex and the rostral anterior cingulate cortex. [145,
184-186].

Transcranial magnetic stimulation was developed for
acute and preventive treatment of migraine with aura and
neuropathic pain. A small device applied to the scalp deliv-
ers a single magnetic pulse to the underlying cortex to dis-
rupt the cortical spread depression (CSD), responsible for
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migraine with aura. A single-pulse transcranial magnetic
stimulation can be applied after the beginning of the aura to
abort a migraine attack [149, 187-190]. In contrast, repeti-
tive-pulse transcranial magnetic stimulation is expected to
have a prophylactic effect by modulating cortical excitability
[145, 190]. A recent meta-analysis of randomized controlled
trials [187] suggests that single-pulse transcranial magnetic
stimulation is efficient for the acute treatment of migraine
with aura (more patients were pain-free at two hours post-
treatment), but not for chronic migraine. Nevertheless, more
randomized controlled trials are needed to evaluate TMS
efficiency on migraine. [187].

Conclusion

The trigeminal system is the principal actor for facial tac-
tile and nociceptive innervation, and for meninges and brain
vessels nociceptive innervation. It has a complex somato-
topic and modality-specific arrangement along its entire
path, from the trigeminal nerve to the somatosensory cor-
tex. This fine anatomical organization could be one of the
keys to understanding the pathophysiology of several dis-
eases with distinct clinical features but sharing a common
anatomical trigeminal substrate. It can also be the starting
point to propose innovative therapeutic approaches target-
ing various levels of the trigeminal system when pharmaco-
logical strategy fails to relieve pain or induces debilitating
side effects. Non-invasive and invasive modulatory methods
have been mainly proposed for CH and migraine and must
be thoroughly evaluated before a wider diffusion. By con-
trast, lesional approaches are mainly limited to intractable
TN, targeted partial sensory rhizotomy being, for instance,
a direct application of a more precise anatomical description
of trigeminal fiber arrangement.
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