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Abstract

The orofacial region is psychologically important, given that it serves fundamental and important biological purposes. Chronic
orofacial pain disorders affect the head and neck region. Although some have clear peripheral etiologies, eg, classic trigeminal
neuralgia, others do not have a clear etiology (eg, muscular temporomandibular disorders). However, these disorders provide
a unique opportunity in terms of elucidating the neural mechanisms of these chronic pain conditions: both the peripheral and central
nervous systems can be simultaneously imaged. Diffusion-weighted imaging and diffusion tensor imaging have provided a method
to essentially perform in vivo white matter dissections in humans, and to elucidate abnormal structure related to clinical correlates in
disorders, such as chronic orofacial pains. Notably, the trigeminal nerve anatomy and architecture can be captured using diffusion
imaging. Here, we review the trigeminal somatosensory pathways, diffusion-weighted imaging methods, and how these have
contributed to our understanding of the neural mechanisms of chronic pain disorders affecting the trigeminal system. We also
discuss novel findings indicating the potential for trigeminal nerve diffusion imaging to develop diagnostic and precision medicine
biomarkers for trigeminal neuralgia. In sum, diffusion imaging serves both an important basic science purpose in identifying pain

mechanisms, but is also a clinically powerful tool that can be used to improve treatment outcomes.
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To say that the white matter is but a uniform substance like
wax in which there is no hidden contrivance would be too
low an opinion of nature’s finest masterpiece. We are
assured that wherever in the body there are fibres, they
everywhere adopt a certain arrangement among them-
selves, created more or less according to the function for
which they are intended.

-Steno [translated by Refs. 95,98]
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1. Introduction

Some of the most common pain conditions affect the craniofacial
region, including acute pain conditions such as toothaches and
headaches, to more complex chronic pain conditions such as
trigeminal neuralgia (TN) and temporomandibular disorders (TMD).
Some of these chronic pain disorders have clear peripheral etiologies
(eg, classic TN), whereas others do not have clear peripheral sources
of pain (eg, atypical TN''* and chronic TMD myalgia*). In the cases
of these idiopathic pain disorders, it is believed that these disorders
are centrally mediated, and thus neuroimaging can help shed light
on the mechanisms underlying pain. Uniguely, the trigeminal system
can be imaged in its entirety—from the trigeminal nerve to the
brain—using neuroimaging techniques that can assess white matter
structure, ie, diffusion-weighted imaging (DWI).

Here, we review trigeminal neuroanatomy, and DWI acquisition
and analysis methods. Next, we review DWI findings in chronic
orofacial pain disorders (COFPs), and discuss how these have
informed our understanding of the neural mechanisms of these
disorders, in particular TN and TMD. Finally, we discuss DWI's
potential as a diagnostic and treatment-response biomarker.

2. Trigeminal sensory pathways

The craniofacial region is partially innervated by the trigeminal nerve
(CNV). The CNV, the largest cranial nerve, is a mixed nerve: the
sensory aspect innervates the skin of the face, oral mucosa, the
nasal cavity, paranasal sinuses, cornea, teeth, temporomandibular
joint (TMJ), parts of the tongue, facial and masticatory muscles, other
smaller muscles, as well as most of the dura mater and the cerebral
arteries; and the motor aspect (brachial motor nerves) supply the
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masticatory muscles (the temporalis, the masseter, lateral and
medial pterygoids, and the anterior belly of the digastric muscle), as
well as the mylohyoid, the tensor veli palatini, and the tensor tympani.
However, the sensory segment is much larger than the motor
portion.9%%6:1% The CNV has 3 main branches: the ophthalmic
branch (V4), the maxillary branch (Vo), and the mandibular
branch (Va).

The sensory aspect of the nerve receives input from receptors
that encode touch, nociceptive, proprioceptive, and temperature
stimuli from the face, facial and masticatory muscles, and the oral
cavity.®® As and C fibres in the orofacial region, especially in the
TMJ and muscles of mastication, are very similar to those present
in the spinal nociceptive system.®® There are some notable
tissues that are innervated by the CNV, such as the tooth pulp,
the cornea, and the dura regions that are only (or predominantly)
innervated by nociceptors, but do not have other somatosensory
receptors.

The sensory fibres of the 3 branches of the CNV converge at
the trigeminal ganglion, where the cell bodies of afferent fibres are
located. The trigeminal ganglion is similar to the dorsal root
ganglion in the spinal somatosensory system in terms of markers
associated with nociception and nociception-related recep-
tors. 15138077 From the ganglion, a single sensory root emerges
and enters the central nervous system (CNS) at the level of the
pons—the root entry zone (REZ). Primary afferent fibres terminate
in the principal sensory nucleus (or main sensory nucleus [MSN])
and the spinal trigeminal nucleus (STN). There is another
specialized trigeminal nucleus in the brainstem: the mesence-
phalic nucleus of the CNV (MeT), but this is outside the scope of
this review. Together, the MSN, the STN, and the MeT form the
trigeminal brainstem sensory nuclear complex (VBSNC). Unlike
the dorsal horn of the spinal cord, the VBSNC is composed of
several nuclei with unique cytoarchitectonic and organizational
features.'®

The MSN is similar to the dorsal column (gracile and cuneate)
nuclei where large-diameter myelinated primary afferents that
encode touch and position information from the body synapse
onto second-order fibres. Like these nuclei, the MSN maintains
a somatotopic map of the regions from which it receives touch
and position information, namely the orofacial region.*® The
second-order fibres from the MSN bifurcate, and a larger branch
of these second-order fibres forms the trigeminal lemniscus,
which decussates and runs parallel to the medial lemniscus. The
medial lemniscus, which carries touch and position from the
body, terminates at the ventroposterior lateral nucleus of the
thalamus. The trigeminal lemniscus terminates in the ventropos-
terior medial (VPM) nucleus of the thalamus. The smaller branch
ascends ipsilaterally to the ipsilateral VPM.

The STNis along nucleus that is located between the pons and
the upper cervical spinal cord (around C2) and is composed of 3
subnuclei, organized rostrocaudally: oralis, interpolaris, and
caudalis (V,, Vi, and Vg, respectively).4 V, is cytoarchitectonically
similar to the spinal dorsal horn,®* and has been termed the
medullary dorsal horn.*® AB fibres bifurcate and terminate in the
MSN and along the STN, and A8 and unmyelinated C fibres
terminate predominantly in the STN at the level of V. and to the
upper cervical spinal cord dorsal horn. Interestingly, some A8
primary afferents carrying pain and temperature information
synapse onto second-order fibres in V, and V;, but this does not
occur with C-fibres.'™® There are several somatotopic maps
along the VBSNC. Specifically, somatotopy is maintained in the
dorsoventral plane of each nucleus: the mandibular region is
encoded in the dorsal segment, then the maxillary region, and,
ventrally, the ophthalmic region. In V, the somatotopic
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organization has been shifted, and has an “onion-skin” arrange-
ment, where oral regions are represented rostrally, and lateral
regions of the face are represented more caudally. There is
a second somatotopic representation along the mediolateral axis
of V., where the head is inverted.®"®” Second-order fibres from
the STN form the trigeminothalamic tract (TTT) and the
trigeminobulbar tracts, which project to the thalamus and the
various brainstem nuclei, while maintaining a somatotopic
organization.

Nociceptive input from the craniofacial region is transported to the
CNS through the CNV. The primary afferents project on the VBSNC.
Second-order neurons mostly decussate (ie, cross the midline) and
form 2 pathways: the trigeminal lemniscus (also called the ventral
TTT) and the dorsal TTT. The contralateral dorsal TTT comprises
subnuclear projections, primarily from V. Notably, and unique to the
trigeminal system, only about 80% of tracts cross the midline, and
20% do not decussate, and ascend ipsilaterally.5'®" As a result,
there is bilateral cortical representation of the orofacial region.®® The
ascending TTT projects to several thalamic nuclei, including the
ventroposterior medial (VPM), mediodorsal ventral caudal (MDvc),
intralaminar (ILN), and ventroposterior inferior and ventromedial
posterior (VMpo) thalamus.®" Third-order neurons from the various
thalamic nuclei project to cortical regions, forming the thalamocort-
ical tracts. For instance, tracts from VPM project to primary and
secondary somatosensory cortices (S1 and S2, respectively).®’
These tracts ascend to these cortical targets through the corona
radiata, through the posterior limb of the internal capsule.?® The
mediodorsal ventral caudal thalamus projects to the cingulate cortex
and the insular cortex through the anterior corona radiata, which
course through the anterior limb of the internal capsule (alC).2®
Furthermore, animal studies have demonstrated that the trigemino-
bulbar tracts project to supraspinal regions through the hypothal-
amus.?® Therefore, it is likely that these fibres provide input to limbic
circuits of the brain, which include the hippocampus, the amygdala,
the hypothalamus, the parahippocampal and entorhinal cortices, the
mammillary bodies, the anterior thalamic nucleus, the cingulate
gyrus, and the insula, among other cortical and subcortical
regions.®®

There are key white matter fibre bundles that connect these
brain regions, and that are implicated in emotional processing:
the fornix, the mammillothalamic tract, anterior thalamic
projections, the cingulum bundle, and the uncinate fasciculus,
among others (Fig. 1; for a comprehensive review, see Ref.
17). The fornix connects the hippocampus with the mammillary
bodies, the hypothalamus, the anterior thalamic nuclei, and
has interhemispheric connections through the hippocampal
commissure.®’ The mammillothalamic tract (also known as the
bundle of Vicg d’Azyr) comprises 2 short bundles, one that
projects to anterior thalamic nuclei, and another—the mam-
millotegmental tract—that projects ventrally to tegmental
nuclei, including the hypothalamus and midbrain nuclei. The
anterior thalamic projections form part of the anterior internal
capsule and project to the anterior cingulate gyrus and the
orbitofrontal cortex. The cingulum bundle comprises several
tracts connecting the cingulate cortex to the rest of the brain.
The longest tracts project from the medial temporal lobe (the
hippocampus, parahippocampal gyrus, and amygdala) to the
subgenual cingulate cortex. Other tracts connect the cingulate
cortex to adjacent cortices. Finally, the uncinate fasciculus
connects the frontal polar, orbitofrontal, cingulate, and insular
cortices to temporal lobar regions, including the hippocam-
pus, parahippocampal gyrus, and amygdala.'® Together,
these tracts provide the structural basis for the functional
limbic network.*°
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Figure 1. Diagrammatic representation of the limbic system and tractography reconstruction of its main pathways. The colours in both figures correspond to the

tracts in the legend. Reproduced with permission from Ref. 17.

3. White matter analysis

The study of white matter neural pathways is called brain
hodology, and comes from the Greek hodos, which means path.
Brain hodology in humans has mainly been on postmortem
studies of white matter, which date back to antiquity.

The advents of DWI and diffusion tensor imaging (DTI) have
provided a method to essentially perform in vivo dissections of the
white matter in humans,” and to elucidate abnormal white matter
structure related to clinical correlates in disorders, such as
chronic pain. Furthermore, these methods can also be used to
examine peripheral and cranial nerves,®* such as the CNVs.%°

4. What is diffusion tensor imaging?

Diffusion-weighted imaging is an MR modality that is sensitive to
the diffusion of water molecules.® Diffusion-weighted imaging’s
ability to discern microstructural features of a tissue is based on the
notion that water molecules sample the microscopic environment
at a very high resolution (much higher than the average magnetic
resonance imaging [MRI] resolution at the same field strength),
roughly 10 pwm per 50 ms.®* This sampling includes collisions,
interactions, and crossing of water molecules with cell mem-
branes, fibres, and other macrostructural features, such as
macromolecules. A DW image provides a summary of the bulk
motion of a diffusion molecule within a voxel (a 3D pixel), which can
reveal structural and geometric organization of a tissue.”%®

The molecule of choice in human DWI is the water molecule
because 90% of the protons in the human body are located in
water molecules. Diffusion occurs in all 3 dimensions of space
and, when unhindered, will diffuse equally in all directions (the
expected vector sum of displacement is zero), a process known
as isotropic diffusion. When diffusion is hindered, eg, by a tissue,
we observe anisotropic diffusion. Anisotropic diffusion of water
has been observed in muscles, the spinal cord, and the cerebral
white matter®*—tissues that are known to have compartments.

Anisotropic diffusion in neural tissues has generated much
interest in understanding the connectional anatomy of the brain.
Specifically, water molecules within or between white matter tracts
have anisotropic diffusion because the bulk diffusion is parallel to the
main axis of the fibre tract. This anisotropy comes from the
geometrical structure of the axon—it is tubular in shape, and many

axons form a fibre tract. Specifically, the diffusion of water is
restricted by cellular barriers, such as myelin, cell membranes, and
macromolecules (such as microtubules and neurofilaments), and the
molecules tend to diffuse along the primary axis of the tract, whereas
diffusion perpendicular to this axis is impeded. Changes in the
cerebral vasculature and glia may also contribute to diffusivity
changes. Magnetic resonance imaging acquisition parameters can
be adjusted to acquire images that provide information about the
diffusion of water, and thus, the connectivity, integrity, and
orientation of white matter in the brain.

Diffusion tensor imaging fits a tensor model to DWI data (for
a comprehensive review of the tensor model, see Refs. 7,8). Briefly,
this model assumes that white matter tracts can be fit with an
ellipsoid model, (Fig. 2), where the 3 main axes of diffusion are
modeled. These measures can be used to derive 4 useful metrics
that can be used to evaluate tissue in the nervous system: mean
diffusivity (MD), fractional anisotropy (FA), radial diffusivity (RD), and
axial diffusivity (AD) (Fig. 2). In DTl analysis, FA is the most commonly
used measure because it is scaled between O and 1, where
0 represents complete isotropic diffusion and 1 represents complete
anisotropic diffusion. Assuming that these measures represent white
matter integrity along a tract,®, then white matter integrity within
a population or between populations can be evaluated. Further-
more, by combining FA and AD, we can determine the orientation of
white matter tracts at each voxel, allowing for 3-dimensional
reconstruction of the fibre tracts, ie, tractography.

4.1. Tractography: mapping brain white matter tracts

Another method to evaluate white matter in the brain with DTl is
tractography. In general, this method allows us to perform in vivo
“dissections” of white matter tracts (ie, visualize the tract), and
delineate the anatomical connectivity of cranial nerves and the
brain. Notably, the CNV was first mapped out using tractography
by Upadhyay et al.,"®” where the authors could delineate the 3
branches of the CNV, the ganglion, and the nerve trunk projecting
to the brainstem. They next segmented the brainstem trigeminal
somatosensory pathways using tractography. This study was
a proof of principle in the power of tractography in delineating
trigeminal anatomy and architectural features at higher resolution
than ever before.
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Figure 2. Schematic representation of diffusion tensor imaging (DTI)-derived metrics and tensor changes that can occur with lower FA. Four DTI-derived metrics
derived from the eigenvalues of the tensor model were examined. Schematic representations of how these metrics were calculated and their formulas are shown in
panel (A), with AD being diffusion along the length of the axon ([lambda]1) (left), RD being diffusion perpendicular to the length of the axon (average of [lambda]2 and
[lambda]3) (center), and MD being the magnitude of diffusion regardless of direction (average of [lambda]1, [lambda]2, and [lambda]3) (right). (B) The tensor model
and the formula for FA (top). Also illustrated are 2 scenarios where FA has decreased, but the shape of the tensors are different due to differences in the other 3DTI-
derived metrics (shown in chart). The first scenario is when AD and MD decrease, but RD remains stable (bottom left); and the second is when RD and MD increase,
but AD remains stable (bottom right). AD, axial diffusivity; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity. Reproduced with permission from

Ref. 25.

The concept of tractography is based on the signal information
collected in a DWI scan and the tensor model used in DTI. Briefly,
when we apply the tensor model to a DWI data set, we obtain
eigenvalues and eigenvectors for each voxel in the image, which
represent the orientation and magnitude of water diffusion within the
voxel. When diffusion is restricted, by a biological tissue for instance,
then the diffusion is anisotropic. We can use the orientation
information within each voxel to reconstruct white matter pathways
in the brain, called tractography. The fundamental assumption of
white matter tractography is that the primary eigenvector (v;) is
parallel to the primary axis of the white matter tract. It is, however,
noteworthy that this assumption is often violated in regions of
complex white matter (eg, crossing fibres and fibre dispersions).
More complex algorithms have been developed to address these
issues and to increase the sensitivity and reliability of DTI. Two of the
most commonly used methods, deterministic and probabilistic
tractography, are described in further detail below. Although there
are other, more complex methods being developed, these are
outside the scope of this review.

4.2. Streamline (deterministic) tractography

Deterministic tractography algorithms use the orientation in-
formation within voxels to track the path of white matter tracts.?

The resultant image is a tractogram, which is based on the
primary (or major) eigenvector within each voxel. The tractogram
is initiated from a seed location (a single voxel or a group of voxels
of interest). Because the algorithms use a threshold for FA to
distinguish between gray matter and white matter, the seed is
usually located within the white matter.? If the seed was in the gray
matter, or in a voxel with FA below the threshold, then tracts could
not be generated. Several restraints can be placed on the
algorithm to remove spurious connections and to ensure that the
tracts are consistent with the predicted pattern of connectivity.?

There are several deterministic tractography algorithms that
can produce tractograms. Most of these methods use a stream-
line approach. This approach calculates the stepwise pro-
gression of the tract (or the path), beginning from a seed. The
progression of the path is based on the direction of the primary
eigenvector. The termination of a tract is based on an arbitrarily
selected parameter.59 Forinstance, an FA value is selected where
the primary eigenvalue is well defined, eg, FA = 0.15. Another
parameter used to terminate a tract is the curvature angle, which
is also arbitrarily chosen. The specific aspects of deterministic
algorithms are outside the scope of this review, but for a detailed
review of these methods, see Ref. 2.

There are both advantages and disadvantages to deterministic
tractography. The most significant advantage is that fewer
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diffusion-encoding directions are required to produce tracto-
grams, compared with other algorithms, such as probabilistic
tractography, or diffusion spectrum imaging (see below).
Furthermore, the analysis is not as computationally intensive as
some of the other methods (including probabilistic tractography).
However, deterministic tractography can only be used as
a qualitative means of visualizing tracts in the brain, although
the images can serve as masks to perform quantitative analysis,
eg, evaluate measures of white matter microstructure, such as
FA. The images produced with deterministic tractography are
visually appealing, but this can instill a false sense that the
visualized tracts are more precisely accurate than they actually
are, highlighting the importance of anatomical familiarity. There
are many potential sources of errors in deterministic tractog-
raphy: DTl is very sensitive to motion and other sources of noise.
Even small perturbations in the image can lead to tracking
spurious connections. The largest source of error in tractography
is tract dispersion, or the variance of trajectories, which increases
from the seed because there is an increasing number of potential
paths.? Another source of error comes from tract deviation, or
errors in tract position. These are related to the step size,
especially in regions where the curvature of the tract is high. In
general, a larger step size will increase the chance of error.6?
Another source of error in deterministic tractography is that of
crossing fibres, as discussed above. Crossing fibres can lead to
false-negatives in the tractograms.'® For instance, most de-
terministic algorithms are not able to resolve tracts within the CST
emerging from the lateral motor cortex and projecting to the
pyramids in the brainstem.? This is the result of the crossing fibres
in the centrum semiovale, which contains association fibres,
callosal fibres, and short U-shaped fibres, which project in
different directions. As a result of the multiple fibre directions in
voxels within this region, the primary eigenvalue is diminished,
and the tractography algorithms fail to track the rest of the tract.
Therefore, experiments that seek to resolve tracts using de-
terministic algorithms should have strong hypotheses and
predictions based on known anatomical pathways, from animal
studies and human postmortem studies.

4.3. Probabilistic tractography

Probabilistic (or stochastic) tractography is a method that
attempts to address some of the limitations of deterministic
tractography. Specifically, probabilistic tractography acknowl-
edges that there are inherent errors that occur in tract-tracing
algorithms, and accounts for this variability. Therefore, the
inherent variability in the data is included in probability estimates
of a tract.®® To do so, algorithms use probability density functions
(PDF), which consider the expected distribution of the possible
fibre orientations, at the level of the voxel.®® The PDF are used
instead of discrete measures of fibre orientation. An advantage of
probabilistic tractography, compared with deterministic tractog-
raphy, is that the PDF allow tractography to continue in a region
where deterministic tractography would normally stop. Another
advantage of probabilistic tractography is that we can quantita-
tively compare the connectivity of tracts based on the probability
of connections.

The PDF is composed of 3 orientation density functions
(ODFs): the diffusion ODF (dODF), the fibre ODF (fODF), and the
uncertainty ODF (uODF).'® The dODF and the fODF are
biophysical properties of the tissue that is being measured. The
fODF describes the proportion of the fibres in each direction. For
instance, as in the example above, if we have 2 orthogonal fibres
in a voxel, the resultant fODF will appear as a cross, in the
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direction of the fibres.'®® The fODF is useful in that it contains
a proportion, which can be used to estimate the connectivity of
a tract connecting A to B, providing a quantitative method that is
both useful and biophysically meaningful.'® However, DWI
measures the diffusion of water within each voxel in the brain,
and not the proportion of fibres, and so the measure we obtain is
dODF, a measure of the orientation of diffusion within a voxel.'°® If
water molecules diffused exactly along the axis of a tract, then the
dODF would be exactly equal to the fODF. However, in reality,
water molecules diffuse primarily along the axis of the tract, but
there is also diffusion in other directions. Therefore, the dODF is
necessarily broader than the fODF. Although the dODF and fODF
are properties of the tissue which can be measured, the uODF is
a measure of the error that can be predicted, or as Behrens puts
it: “it (WUODF) is a function that describes our belief’."° Specifically,
the uODF represents the uncertainty that is included in the data
because of the noise inherent to it.

These variables have very important implications in tractog-
raphy. It can no longer be assumed that the primary eigenvectoris
the path of the tract because there is an infinite number of paths
within each voxel, each associated to a probability of being the
correct orientation. To calculate the probability of connection of 2
regions, every possible path and its probability must be
considered, and then the probabilities associated with each path
connecting the 2 regions is summed.’? Rather than attempt to
solve this equation, more reasonable approaches have been
developed that allow us to sample the probability
distributions.'24%:59:87-89 Byiefly, these algorithms sample many
paths from a seed at subvoxel to subvoxel steps (or for lower
resolution, or larger step size, at voxel to voxel steps). Each step
considers the distribution of possibilities, resulting in many
possible paths, each with a probability. These results are
summarized within the voxel as a proportion of the number of
samples that pass through the voxel.?® Although deterministic
algorithms rely on arbitrary FA values or curvature angles to stop
tractography, probabilistic algorithms do not rely on these
parameters for termination. In contrast to deterministic tractog-
raphy, this allows the algorithm to propagate even when a seed is
in the gray matter. The criterion for termination of a tract is usually
the angular deviation between successive steps (c.f. FA values in
deterministic tractography), which prevents a tract from looping
back ontoitself, or if a streamline enters the same voxel more than
once. 2% The specific differences between probabilistic tractog-
raphy algorithms are outside the scope of this review. For
a comprehensive review, see Refs. 10,89.

The results of probabilistic tractography should be interpreted
with care. These results have a very specific meaning: a calculated
probability is the probability that a connection from a given seed
to a target through the diffusion data exists within the context of
the model for the diffusion signal and the model of connections.
These tracts do not provide anatomical evidence for the existence
of a path within the brain. However, if a hypothesis is based on
known anatomical pathways from postmortem studies in humans
(and homologues from tracing studies in monkeys), then we can
infer that the tract we have identified is “real.” Otherwise, we must
interpret the presence or absence of a tract with caution.

Crossing fibres are still a consideration in probabilistic
tractography; in fact, it is a shortcoming of the tensor model.
Some groups have developed alternate, nonparametric models
to replace the tensor model, which can better resolve crossing
fibres, such as diffusion spectrum imaging,'®*'%° g-ball imag-
ing, %1% spherical deconvolution,®? persistent angular struc-
ture MRI,%8 and diffusion orientation transform.®® However, these
are outside the scope of this review (see Ref. 3 for
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a comprehensive review). Some groups have tried to resolve
crossing fibres within the tensor model. The most common
approach is to model more than one tensor per voxel: the
multitensor model.’ The number of “fibres” that can be modeled
per voxel depends on the signal-to-noise ratio and the number of
diffusion-encoding directions.

In sum, there are several advantages and limitations to
tractography. Nonetheless, when care is taken to acquire, check,
and denoise the data, and seeds are selected carefully, based on
known landmarks, and results correspond to known tracts within
the brain, then tractography can be a very useful and informative
tool. In addition, tractography can be qualitative (visualizing tracts)
and quantitative (calculating the probability of a connection). The
latter allows for group comparisons of connectional anatomy.

5. White matter abnormalities in chronic pain

There has been an increasing number of studies investigating
CNV and brain white matter abnormalities in COFPs disorders. Of
these, 2 have used VBM to evaluate white matter volume from T1-
weighted images, and 4 have used DTl to delineate abnormalities
in white matter microstructure, or gray matter microstructure. The
2 studies that have used DTl to investigate the gray matter®®72
and the white matter VBM studies™®”" are omitted from this
review because of flaws in the experimental designs and
methodologies. The other 3 that did identify abnormalities are
described below.

The first study to test for abnormalities in white matter
microstructure associated with chronic pain, by DaSiva et al.,?’
reported decreased FA along tracts between the brainstem and the
thalamus and the thalamus and S1 cortex of patients with migraine.
The authors concluded that there are abnormalities along the
ascending nociceptive pathways in patients with migraine.

In addition to the aforementioned studies that have investi-
gated white matter abnormalities in the brains of patients with
chronic pain, 2 DTl studies have investigated abnormalities along
the CNV in patients with TN. One study by Fujiwara et al.*® did not
find any significant abnormalities in the FA, the MD, or the cross-
sectional area of the patients’ CNV. This study reported no
significant group differences in the ratio of FA of the affected to the
unaffected nerve. However, the study reported significantly more
variance in the FA values of patients’ CNV, compared with
controls, and this value was positively correlated with the
affected:unaffected ratio of the cross-sectional area of the
CNV. The other study, by Leal et al.,®® reported that the affected
CNV had significantly increased MD, and decreased FA, nerve
volume, and cross-sectional area. Furthermore, the decrease in
FA was positively correlated with the decrease in volume and
cross-sectional area of the CNV. Decreased FA and increased
MD indicate that there is increased diffusion, or less organization.
Therefore, it is possible that the CNV has a larger diameter, is
inflamed, or damaged. However, the interpretation is limited
because other measures of white matter integrity (RD and \4)
were not provided. These studies indicate that there are structural
abnormalities along the CNV in patients with TN, and suggest that
DTl can be used to investigate the CNV for abnormalities in TMD.

6. White matter abnormalities in craniofacial
pain disorders

6.1. Trigeminal neuralgia

The unique entity of TN has been of longstanding interest to
clinicians and scientists. There have been limited advances to the
study of TN beyond clinical measures alone. Evaluation of TN using
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conventional MR imaging takes place routinely in clinical practice.
The most likely anatomical correlate with TN pain is the
identification of contact, compression, or distortion of the nerve
REZ or proximal segments of the cisternal CNV by an arterial vessel
loop, giving rise to the so called concept of neurovascular
compression (NVC). Based on this concept, surgical treatment of
TN frequently consists of microvascular decompression, a pro-
cedure pioneered by Jannetta, and currently one of the mainstays
of surgical treatment of TN.%” Despite being the key to surgical
intervention, NVC has been of limited use in fully explaining the pain
in TN®® because approximately 40% of patients without significant
NVC present with very classic TN symptoms and, likewise, NVC
can be identified in about 17% of patients without pain, who have
imaging for other reasons.”® At the same time, there is MR
evidence of greater bilateral NVC in patients with TN, compared to
patients without TN. The significance of bilateral NVC in the setting
of overwhelmingly unilateral pain is as yet not clear.

Despite the limitations in our clinical understanding of NVC in
TN, advances in imaging and specifically DTl have helped shed
some light on these important questions. The premise of the use
of DTl is the use of an imaging technique to derive information
from changes in the nerve as a consequence of NVC. Although
vascular compression is the finding most directly related to TN,
pain must be a result of the effect of nerve compression.

The earliest studies on the assessment of CNV microstructure
focused on the question of possible diffusivity changes in the REZ,
the segment of the nerve most closely associated with TN and the
anatomical region of microvascular decompression. The REZ in
patients with TN demonstrating NVC does indeed show decreased
FA,19:526573.74.116 o ,gg9esting a greater level of focal disorganiza-
tion of the white matter. This important finding is impactful in several
ways. First, DTlis able to detect changes in very small regions of the
white matter and provides metrics from microstructural changes. In
addition, the changes in DTl metrics point to the REZ, the site most
closely linked clinically to TN. Accordingly, studies have identified
a link between CNV abnormalities in TN and pain severity,”°
whereas other studies have not identified such a link.”* We studied
DTl changes in the REZ in the context of assessment of changes in
the brain white matter in TN.%° In addition to the consistent
decrease in FA, DTI distinguished bilateral changes in the nerves,
with both ipsilateral and contralateral nerves differing from values
obtained from healthy controls (Fig. 3). The significance of bilateral
changes is not understood. Although both conventional MR
studies”® and now multiple DTl studies suggest that there are
bilateral CNV changes in TN, the expression of the pain is aimost
uniformly unilateral. Whether the brain “chooses” a side for the
clinical expression of pain, or whether there is a threshold beyond
which pain is manifested is not yet clear.

6.1.1. Brain white and gray matter alterations associated
with trigeminal neuralgia pain

Diffusion tensor imaging studies of the peripheral white matter
can be extended to the study of the brain white matter, to
understand the potential impact of chronic pain. Because it is
uncommon for patients with TN to have sensory abnormalities,
the study of brain white matter allows for a more direct correlation
of changes with pain. Previous studies have demonstrated
changes in brain WM in the context of direct peripheral nerve
injury®®; however, this makes it difficult to contextualize the
changes, whether they are due to the associated sensory
abnormalities, and therefore represent an impact on the in-
tegrative sensory networks, or whether it is primarily the effect of
the resultant neuropathic pain.
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Trigeminal neuralgia is associated with bilateral changes in the root entry zone (REZ), compared with a cohort of healthy controls. Each trigeminal REZ
mask is placed at the root of the trigeminal nerve on axial images (panel A), and placement is confirmed on both conventional (top) and colour-by-orientation maps
(bottom) views. Panels B-D demonstrate differences between affected and unaffected diffusivities, with * denoting significant differences (P < 0.05). (reproduced

from Ref. 27 under Creative Commons Attribution License).

Brain white matter changes extend beyond the nerve alone, and
important differences between patients with TN and controls have
been identified in several regions, including the corpus callosum,
cingulum bundle, coronal radiata, and superior longitudinal fascic-
ulus.26:4969.118 Thege abnormalities provide evidence for TN pain
signatures in the white matter that connects brain areas responsible
for pain integration, cognitive—affective, and motor functions, and
highlight also possible compensatory mechanisms for this pain.®
Some studies have found that these white matter abnormalities are
related to various clinical factors, such as pain intensity and/or pain
duration.®® In some cases, these white matter abnormalities are
correlated with changes in brain function and gray matter
structure,'®1%°

Recent evidence from our group has shown that white matter
imaging can serve both as a diagnostic and treatment- response
biomarker. First, we have shown a multivariate pattern algorithm
trained to differentiate TN and healthy controls based on whole brain
white matter connectivity could successfully classify patients and
controls with 88% accuracy.'” Furthermore, in patients who
underwent gamma-knife surgery to treat TN, postsurgical micro-
structural metrics, such as FA, were shown to predict the level of
pain relief 6 months after surgery.'®' More specifically, responders
had lower FA and achieved at least 75% reduction in pain.
Nonresponders did not show the expected decrease in diffusion
metrics. More remarkably, we further showed that presurgical CNV
diffusion metrics could predict which TN patients would respond to
gamma-knife surgery, and those who would be treatment-resistant
with an ~84% accuracy.®® These data indicate that DW imaging of
the CNV is a powerful and clinically useful tool to stratify patients into
appropriate treatment streams.

6.1.2. Trigeminal neuralgia-related gray matter changes in
the brain are dynamic and can be altered as a result of
treatment

Although diffusivity studies are important in pointing changes in
white matter fibers, gray matter analysis can point to

abnormalities related to cortical gray matter (cortical thickness
analysis) or subcortical gray (voxel-based morphometry) to
determine their correlation with TN pain. Using these techniques,
we demonstrated key abnormalities in brain gray matter, in areas
such as key anatomical regions that are involved in modulation of
pain, both from the sensory—discriminatory pathways as well as
cognitive—affective areas.?” Changes in thickness in at least some
of the identified neuroanatomical sites, such as the thalamus,
primary motor and S1 cortices as well as orbitofrontal, cingulate
gyrus, and insula, have been previously linked to chronic pain
conditions (Fig. 4).622

The pattern of changes seen in TN, a unique neuropathic pain
condition, seem to differ from more chronic forms of conditions
such as back pain.**" The fact that a peripheral event, relating to
a segment of a cranial nerve immediately outside the CNS, can
result in profound gray and white matter changes points possibly
to the role of the CNS in at least contributing to the maintenance
of this pain. In the setting of patients who have undergone surgical
treatment of TN, a reversal of the thinning of the insula is seen,
demonstrating that the gray matter changes are dynamic and
associated with pain relief as insula changes are strictly observed
in the group with successful pain relief after surgery.?*

6.1.3. Implications of imaging of trigeminal neuralgia

Of the many types of trigeminal pain, TN is the only one
associated with high surgical success.®® Measures towards
a more accurate diagnosis are therefore crucial. Current
methods of diagnosis consist in primarily clinical symptoms,
accompanied typically by evidence of NVC—however, in the
setting of patients with some atypical symptoms, or unclear
degree of compression, the decision of whether surgery
should be offered becomes difficult. It is hoped that these
microstructural imaging characteristics will in fact result in
greater ability to assess clinical scenarios, both as a guide for
surgical decision-making and potentially as a means to assess
nonresponder status.
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Figure 4. Cortical (A-D) and subcortical (E-I) gray matter changes in trigeminal neuralgia (reproduced with permission from Ref. 17).

6.2. Temporomandibular disorders

Temporomandibular disorders comprise clinical problems in-
volving the structures of and around the TMJ, the masticatory
musculature, or both.5%®  Temporomandibular disorders

represent the most common orofacial chronic pain disorder,3?

and are primarily characterized by spontaneous pain, or pain
associated with jaw function, which can affect mandibular range
of motion and produce TMJ sounds during jaw function. Pain
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from TMD can arise from the muscles of mastication, the TMJ, or
both, and, in general, when combined (ie, muscular and TMJ
pain), the chief complaint tends to be muscular in nature.*®
Temporomandibular disorders are estimated to affect between
10% and 20% of the population.2®:¢6¢7:"® Temporomandibular
disorders is 15 to 9 times more prevalent in
women, 1#20:81.32.87.91 and 3 nationwide epidemiological study
in the United States reported that 84% of persons with TMD were
women.®!

In some cases, there is no clear aetiological evidence for TMD
pain, and the pain is considered idiopathic.®%-333483 |n this group
of patients, it has been suggested that abnormal function in the
CNS may initiate or maintain TMD pain.®* One line of evidence for
abnormal CNS function is that TMD symptomatology, including
persistent pain, allodynia, and hyperalgesia, occurs not only in the
orofacial region, but also in other body sites.6:38:44.76.93:106
These centrally mediated processes provide further evidence for
CNS dysfunction in TMD and provide evidence for the in-
volvement of ascending nociceptive pathways and/or descend-
ing pain-modulatory pathways.®"

In line with this hypothesis, we found structural brain
abnormalities along the entire CNV nociceptive pathways. First,
we found that TMD patients had lower white matter integrity at the
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REZ of the CNVs (Fig. 5), and this abnormality was related to the
duration of TMD symptomatology, indicating that the abnormal-
ites were TMD pain-driven.®° Similarly, a finding by Wilcox
et al."" found that the trigeminal nerve, and brainstem white
matter tracts—»believed to be the spinal trigeminal tract, and the
TTT—had lower FA than healthy controls. We further found
widespread reduced white matter integrity in the brain, including
in the brainstem, and thalamocortical tracts projecting to
somatomotor cortices.®® Combined with our gray matter
findings,”® where we found a correlation between thalamic gray
matter and pain duration, and thicker S1 cortex in TMD, these
data suggest that there is increased nociceptive drive to the CNS.
This would suggest that there must be a peripheral source for
idiopathic muscular TMD pain. Future studies should investigate
potential sources for this nociceptive barrage, including the
muscles of mastication.

In addition to identifying a potential mechanism for nociceptive
input in idiopathic TMD, DTI found a novel set of connectional
abnormalities in TMD (Fig. 6). Specifically, we found reduced
white matter connectivity in the corpus callosum, and performed
tractography to better characterize the finding. We found that
patients with TMD had reduced connectivity to the dorsolateral
prefrontal cortex (dIPFC)—a key brain region in top—down pain

C _
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Figure 5. Trigeminal nerve fractional anisotropy abnormalities in TMD. (A) The trigeminal nerve roots (within the blue boxes) at the pontine level are shown on an
axial slice from a high-resolution T1-weighted MRI scan. The magnified view of the right nerve is from a diffusion-weighted scan. The direction of the primary vector
of the tensor model (A1) within each voxel is color-coded (green—anterior—posterior, red—left-right, blue—in the inferior—superior plane) and the primary vector
shown within each voxel. (B) Patients with TMD have lower fractional anisotropy in bilateral trigeminal nerves, compared to controls. (C) Fractional anisotropy is
negatively correlated with TMD duration. (D) Group differences in trigeminal nerve mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (\ 1). *P < 0.05;
**P < 0.01; **P < 0.005. CNV, trigeminal nerve; TMD, temporomandibular disorders. Reproduced from Ref. 80 with permission.
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modulation, and the increased connectivity to the frontal polar
cortex (FPC), which is involved in executive control and
multitasking. The abnormalities in the dIPFC provide neuroana-
tomical support for the hypothesis that dysfunctional central pain
modulatory circuits contribute to TMD pain. The FPC finding
converges with structural gray matter abnormalities’® and
functional MRI findings'"'® in the same TMD cohort, where there
was increased FPC gray matter and FPC function during

PAIN Reports®

a cognitive task, respectively. These data suggest that pain
may pose a cognitive load, in line with the cognitive branching
model.'®

In sum, white matter imaging, in conjunction with functional
MRI and structural gray matter imaging, has provided support for
various idiopathic muscular TMD pain. These data have laid the
groundwork for future studies to investigate the contribution of
masticatory muscles to TMD, and the cognitive load of pain.
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the left corpus callosum revealed that (A) this abnormal white matter region has different connections (yellow arrowhead) in TMD and controls. The right panel
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7. Conclusion

Chronic pain disorders affecting the craniofacial region are unique
in that both the peripheral nerves, ie, CNV, and the CNS can be
imaged simultaneously. This provides an opportunity to elucidate
the neural mechanisms of COFPs. Indeed, diffusion imaging of
white matter structure has provided novel mechanistic insight for
TN and TMD, and has led to novel therapeutic targets. In addition,
CNV diffusion metrics could serve as diagnostic and patient
stratification biomarkers in TN.

Disclosures

The authors have no conflict of interest to declare.

Acknowledgments

M. Moayedi was supported by Connaught Fund from the
University of Toronto and acknowledges support from the Bertha
Rosenstadt Endowment Fund. He also holds a National Science
and Engineering Research Council Discovery Grant RGPIN-
2018-04908. M. Hodaie acknowledges support from the
Canadian Institutes of Health Research.

Article history:

Received 21 January 2019

Received in revised form 27 March 2019
Accepted 12 April 2019

References

(1]

(2

8l

(4]

(5]

(6]

7]

(8]

[9]

(10]

(1]

(12]

(13]

Aigner M, Robert Lukas J, Denk M, Ziya-Ghazvini F, Kaider A, Mayr R.
Somatotopic organization of primary afferent perikarya of the Guinea-
pig extraocular muscles in the trigeminal ganglion: a post-mortem Dil-
tracing study. Exp Eye Res 2000;70:411-8.

Alexander AL. Deterministic white matter tractography. In: DK Jones,
editor. Diffusion MRI: theory, methods and applications. New York:
Oxford University Press, 2011. pp. 383-95.

Alexander DC, Seunarine KK. Mathematics of crossing fibres. In: DK
Jones, editor. Diffusion MRI: theory, methods and applications. New
York: Oxford University Press, 2011. pp. 451-64.

Apkarian AV, Sosa Y, Sonty S, Levy RM, Harden RN, Parrish TB,
Gitelman DR. Chronic back pain is associated with decreased prefrontal
and thalamic gray matter density. J Neurosci 2004;24:10410-5.
Arvidsson J. Somatotopic organization of vibrissae afferents in the
trigeminal sensory nuclei of the rat studied by transganglionic transport
of HRP. J Comp Neurol 1982;211:84-92.

Ayoub LJ, Seminowicz DA, Moayedi M. A meta-analytic study of
experimental and chronic orofacial pain excluding headache disorders.
Neuroimage Clin 2018;20:901-12.

Basser PJ, Mattiello J, LeBihan D. Estimation of the effective self-
diffusion tensor from the NMR spin echo. J Magn Reson B 1994;103:
247-54.

Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spectroscopy
and imaging. Biophys J 1994;66:259-67.

Basser PJ, Pierpaoli C. Microstructural and physiological features of
tissues elucidated by quantitative-diffusion-tensor MRI. J Magn Reson
B 1996;111:209-19.

Behrens TE, Jbabdi S. MR diffusion tractography. In: H Johansen-Berg,
TE Behrens, editors. Diffusion MRI. London: Academic Press, 2009. pp.
334-51.

Behrens TE, Johansen-Berg H, Jbabdi S, Rushworth MFS, Woolrich M.
Probabilistic diffusion tractography with muiltiple fibre orientations. What
can we gain? Neuroimage 2007;23:144-55.

Behrens TE, Woolrich MW, Jenkinson M, Johansen-Berg H, Nunes RG,
Clare S, Matthews PM, Brady JM, Smith SM. Characterization and
propagation of uncertainty in diffusion-weighted MR imaging. Magn
Reson Med 2003;50:1077-88.

Bereiter DA, Hargreaves KM, Hu JW. Trigeminal mechanisms of
nociception: peripheral and brainstem organization. In: A Basbaum,
MC Bushnell, editors. Science of pain. San Diego: Elsevier, 2009. pp.
434-60.

[14]

[19]
(6]

17

(18]

(9]

[20]

[21]

[22]

[23]
[24]

[29]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

[39]

www.painreportsonline.com 1

Bragdon EE, Light KC, Costello NL, Sigurdsson A, Bunting S, Bhalang
K, Maixner W. Group differences in pain modulation: pain-free women
compared to pain-free men and to women with TMD. PAIN 2002;96:
227-37.

Catani M. From hodology to function. Brain 2007;130:602-5.

Catani M. The functional anatomy of white matter: from postmortem
dissections to in vivo virtual tractography. In: DK Jones, editor. Diffusion
MRI: theory, methods and applications. Oxford: Oxford University Press,
2011. pp. 5-18.

Catani M, Dell'acqua F, Thiebaut de Schotten M. A revised limbic
system model for memory, emotion and behaviour. Neurosci Biobehav
Rev 2013;37:1724-37.

Charron S, Koechlin E. Divided representation of concurrent goals in the
human frontal lobes. Science 2010;328:360-3.

Chen ST, Yang JT, Yeh MY, Weng HH, Chen CF, Tsai YH. Using
diffusion tensor imaging to evaluate microstructural changes and
outcomes after radiofrequency rhizotomy of trigeminal nerves in
patients with trigeminal neuralgia. PLoS One 2016;11:e0167584.

Dao TT, LeResche L. Gender differences in pain. J Orofac Pain 2001;14:
169-95.

DaSilva AF, Granziera C, Tuch DS, Snyder J, Vincent M, Hadjikhani N.
Interictal alterations of the trigeminal somatosensory pathway and
periaqueductal gray matter in migraine. Neuroreport 2007;18:301-5.
Davis KD, Moayedi M. Central mechanisms of pain revealed through
functional and structural MRI. J Neuroimmune Pharmacol 2013;8:
518-34.

Dejerine J. Anatomie des centres nerveux. Paris: Reuff, 1895.
DeSouza DD, Davis KD, Hodaie M. Reversal of insular and
microstructural nerve abnormalities following effective  surgical
treatment for trigeminal neuralgia. PAIN 2015;156:1112-23.

DeSouza DD, Hodaie M, Davis KD. Abnormal trigeminal nerve
microstructure and brain white matter in idiopathic trigeminal
neuralgia. PAIN 2014;155:37-44.

DeSouza DD, Hodaie M, Davis KD. Diffusion imaging in trigeminal
neuralgia reveals abnormal trigeminal nerve and brain white matter.
PAIN 2014;155:1905-6.

Desouza DD, Moayedi M, Chen DQ, Davis KD, Hodaie M. Sensorimotor
and pain modulation brain abnormalities in trigeminal neuralgia:
a paroxysmal, sensory-triggered neuropathic pain. PLoS One 2013;8:
e66340.

Dostrovsky JO, Craig AD. Ascending projection systems. In: A
McMahon, M Koltzenburg, editors. Wall and melzack’s textbook of
pain. Edinburgh: Churchill Livingstone, 2006. pp. 187-204.
Drangsholt MT, LeResche L. Temporomandibular disorder pain. In: IK
Crombie, PR Croft, SJ Linton, L LeResche, M Von Korff, editors.
Epidemiology of pain. Seattle: IASP Press, 1999. pp. 202-33.

Dworkin SF. Perspectives on the interaction of biological, psychological
and social factors in TMD. J Am Dent Assoc 1994;125:856-63.
Dworkin SF, Huggins KH, LeResche L, Von Korff M, Howard J, Truelove
E, Sommers E. Epidemiology of signs and symptoms in
temporomandibular disorders: clinical signs in cases and controls.
J Am Dent Assoc 1990;120:273-81.

Dworkin  SF, LeResche L. Research diagnostic criteria for
temporomandibular disorders: review, criteria, examinations and
specifications, critique. J Craniomandib Disord 1992;6:301-55.
Dworkin SF, Massoth DL. Temporomandibular disorders and chronic
pain: disease or illness? J Prosthet Dent 1994,;72:29-38.

Dworkin SF, Turner JA, Wilson L, Massoth D, Whitney C, Huggins KH,
Burgess J, Sommers E, Truelove E. Brief group cognitive-behavioral
intervention for temporomandibular disorders. PAIN 1994;59:175-87.
Elias WJ, Burchiel KJ. Trigeminal neuralgia and other neuropathic pain
syndromes of the head and face. Curr Pain Headache Rep 2002;6:
115-24.

Fernandez-de-las-Penas C, Galan-del-Rio F, Fernandez-Carnero J,
Pesquera J, Rendt-Nielsen L, Svensson P. Bilateral widespread
mechanical  pain  sensitivity in  women  with  myofascial
temporomandibular disorder: evidence of impairment in central
nociceptive processing. J Pain 2009;10:1170-8.

Fillingim RB, Maixner W. Sex-related factors in temporomandibular
disorders. In: RB Fillingim, editor. Sex, gender, and pain. Vol. 17. Seattle:
IASP Press, 2000. pp. 309-25.

Fillingim RB, Maixner W, Kincaid S, Silva S. Sex differences in temporal
summation but not sensory-discriminative processing of thermal pain.
PAIN 1998;75:121-7.

Frokjaer JB, Olesen SS, Gram M, Yavarian Y, Bouwense SA, Wilder-
Smith OH, Drewes AM. Altered brain microstructure assessed by
diffusion tensor imaging in patients with chronic pancreatitis. Gut 2011;
60:1554-62.


www.painreportsonline.com

12

(40]

(41]

(42]

(43]

(44]

(49]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(59]

(56]

(57]

(58]

(59]
(60]
(61]

(62]

(63]

(64]

M. Moayedi, M. Hodaie ® 4 (2019) e755

Fujiwara S, Sasaki M, Wada T, Kudo K, Hirooka R, Ishigaki D, Nishikawa
Y, Ono A, Yamaguchi M, Ogasawara K. High-resolution diffusion tensor
imaging for the detection of diffusion abnormalities in the trigeminal
nerves of patients with trigeminal neuralgia caused by neurovascular
compression. J Neuroimaging 2011;21:e102-8.

Geha PY, Baliki MN, Harden RN, Bauer WR, Parrish TB, Apkarian AV.
The brain in chronic CRPS pain: abnormal gray-white matter
interactions in emotional and autonomic regions. Neuron 2008;60:
570-81.

Gerstner G, Ichesco E, Quintero A, Schmidt-Wilcke T. Changes in
regional gray matter and white matter volume in patients with
myofascial-type temporomandibular disorders: a  voxel-based
morphometry study. J Orofac Pain 2011;25:99-106.

Gobel S, Hockfield S, Ruda MA. An anatomical analysis of the similarities
between medullary and spinal dorsal horns. In: Y Kawamura, R Dubner,
editors. Oral-facial sensory and motor functions. Tokyo: Quintessence,
1981. pp. 211-23.

Hagberg C, Hagberg M, Kopp S. Musculoskeletal symptoms and
psychosocial factors among patients with craniomandibular disorders.
Acta Odontol Scand 1994;52:170-7.

Hagmann P, Thiran JP, Jonasson L, Vandergheynst P, Clarke S,
Maeder P, Meuli R. DTI mapping of human brain connectivity: statistical
fibre tracking and virtual dissection. Neuroimage 2003;19:545-54.
Hapak L, Gordon A, Locker D, Shandling M, Mock D, Tenenbaum HC.
Differentiation between musculoligamentous, dentoalveolar, and
neurologically based craniofacial pain with a diagnostic questionnaire.
J Orofac Pain 1994;8:357-68.

Harper DE, Schrepf A, Clauw DJ. Pain mechanisms and centralized pain
in temporomandibular disorders. J Dent Res 2016;95:1102-8.
Harrison F, Corbin KB. The central pathway for the jaw-jerk. Am J
Physiol 1941;135:439-45.

Hayes DJ, Chen DQ, Zhong J, Lin A, Behan B, Walker M, Hodaie M.
Affective circuitry alterations in patients with trigeminal neuralgia. Front
Neuroanat 2017;11:73.

Health Nlo. Management of temporomandibular disorders. National
Institutes of Health technology assessment conference statement. J Am
Dent Assoc 1996;127:1595-606.

Henssen DJHA, Kurt E, Kozicz T, van Dongen R, Bartels RHMA, van
Cappellen van Walsum AM. New insights in trigeminal anatomy:
a double orofacial tract for nociceptive input. Front Neuroanat 2016;
10:583.

Herweh C, Kress B, Rasche D, Tronnier V, Troger J, Sartor K, Stippich
C. Loss of anisotropy in trigeminal neuralgia revealed by diffusion tensor
imaging. Neurology 2007;68:776-8.

Hodaie M, Coello AF. Advances in the management of trigeminal
neuralgia. J Neurosurg Sci 2013;57:13-21.

Hodaie M, Quan J, Chen DQ. In vivo visualization of cranial nerve
pathways in humans using diffusion-based tractography. Neurosurgery
2010;66:788-6.

Hung PS, Chen DQ, Davis KD, Zhong J, Hodaie M. Predicting pain relief:
use of pre-surgical trigeminal nerve diffusion metrics in trigeminal
neuralgia. Neuroimage Clin 2017;15:710-18.

Jacquin MF, Renehan WE, Mooney RD, Rhoades RW. Structure-
function relationships in rat medullary and cervical dorsal horns. I.
Trigeminal primary afferents. J Neurophysiol 1986;55:1153-86.
Jannetta PJ. Outcome after microvascular decompression for typical
trigeminal neuralgia, hemifacial spasm, tinnitus, disabling positional
vertigo, and glossopharyngeal neuralgia (honored guest lecture). Clin
Neurosurg 1997;44:331-83.

Jansons KM, Alexander DC. Persistent angular structure: new insights
from diffusion MRI data. Dummy version. Inf Process Med Imaging
2008;18:672-83.

Jones DK. Studying connections in the living human brain with diffusion
MRI. Cortex 2008;44:936-52.

Kerr FW. The divisional organization of afferent fiores of the trigeminal
nerve. Brain 1963;86:721-32.

Latremoliere A, Woolf CJ. Central sensitization: a generator of pain
hypersensitivity by central neural plasticity. J Pain 2009;10:895-926.
Lazar M, Alexander AL. An error analysis of white matter tractography
methods: synthetic diffusion tensor field simulations. Neuroimage 2003;
20:1140-53.

Le Bihan D, Breton E, Lallemand D, Grenier P, Cabanis E, Laval-Jeantet
M. MR imaging of intravoxel incoherent motions: application to diffusion
and perfusion in neurologic disorders. Radiology 1986;161:401-7.

Le Bihan D, Mangin JF, Poupon C, Clark CA, Pappata S, Molko N,
Chabriat H. Diffusion tensor imaging: concepts and applications.
J Magn Reson Imaging 2001;13:534-46.

[69]

[66]

[67]

[68]

[69]

[70]

(71

(72

(73]

[74]

[79]

[76]

(77

[78]

[79]

[80]

81

82

[83]

[84]

[89]

[86]

PAIN Reports®

Leal PR, Roch JA, Hermier M, Souza MA, Cristino-Filho G, Sindou M.
Structural abnormalities of the trigeminal root revealed by diffusion
tensor imaging in patients with trigeminal neuralgia caused by
neurovascular compression: a prospective, double-blind, controlled
study. PAIN 2011;152:2357-64.

LeResche L. Epidemiology of temporomandibular disorders:
implications for the investigation of etiologic factors. Crit Rev Oral Biol
Med 1997;8:291-305.

LeResche L, Dworkin SF, Sommers EE, Truelove EL. An epidemiologic
evaluation of two diagnostic classification schemes for
temporomandibular disorders. J Prosthet Dent 1991;65:131-7.
Lindquist KA, Wager TD, Kober H, Bliss-Moreau E, Barrett LF. The brain
basis of emotion: a meta-analytic review. Behav Brain Sci 2012;35:
121-43.

Liu J, Zhu J, Yuan F, Zhang X, Zhang Q. Abnormal brain white matter in
patients with right trigeminal neuralgia: a diffusion tensor imaging study.
J Headache Pain 2018;19:46.

Liu'Y, LiJ, Butzkueven H, Duan Y, Zhang M, Shu N, Li Y, Zhang Y, Li K.
Microstructural abnormalities in the trigeminal nerves of patients with
trigeminal neuralgia revealed by multiple diffusion metrics. Eur J Radiol
2013;82:783-6.

Luerding R, Weigand T, Bogdahn U, Schmidt-Wilcke T. Working
memory performance is correlated with local brain morphology in the
medial frontal and anterior cingulate cortex in fioromyalgia patients:
structural correlates of pain-cognition interaction. Brain 2008;131:
3222-31.

Lutz J, Jager L, de Quervain D, Krauseneck T, Padberg F, Wichnalek M,
Beyer A, Stahl R, Zirngibl B, Morhard D, Reiser M, Schelling G. White
and gray matter abnormalities in the brain of patients with fiboromyalgia:
a diffusion-tensor and volumetric imaging study. Arthritis Rheum 2008;
58:3960-9.

Lutz J, Linn J, Mehrkens JH, Thon N, Stahl R, Seelos K, Brickmann H,
Holtmannspdtter M. Trigeminal neuralgia due to neurovascular
compression: high-spatial-resolution diffusion-tensor imaging reveals
microstructural neural changes. Radiology 2011;258:524-30.

Lutz J, Thon N, Stahl R, Lummel N, Tonn JC, Linn J, Mehrkens JH.
Microstructural alterations in trigeminal neuralgia determined by
diffusion tensor imaging are independent of symptom duration,
severity, and type of neurovascular conflict. J Neurosurg 2016;124:
823-30.

Maixner W. Temporomandibular joint disorders. In: EA Mayer, MC
Bushnell, editors. Functional pain syndromes. Seattle: IASP Press,
2009.

Maixner W, Fillingim R, Sigurdsson A, Kincaid S, Silva S. Sensitivity of
patients with painful temporomandibular disorders to experimentally
evoked pain: evidence for altered temporal summation of pain. PAIN
1998;76:71-81.

Marfurt CF. The somatotopic organization of the cat trigeminal ganglion
as determined by the horseradish peroxidase technique. Anat Rec
1981;201:105-18.

Miller JP, Acar F, Hamilton BE, Burchiel KJ. Radiographic evaluation of
trigeminal neurovascular compression in patients with and without
trigeminal neuralgia. J Neurosurg 2009;110:627-32.

Moayedi M, Weissman-Fogel |, Crawley AP, Goldberg MB, Freeman BV,
Tenenbaum HC, Davis KD. Contribution of chronic pain and neuroticism
to abnormal forebrain gray matter in patients with temporomandibular
disorder. Neuroimage 2011;55:277-86.

Moayedi M, Weissman-Fogel |, Salomons TV, Crawley AP, Goldberg
MB, Freeman BV, Tenenbaum HC, Davis KD. White matter brain and
trigeminal nerve abnormalities in temporomandibular disorder. PAIN
2012;1563:1467-77.

Nieuwenhuys R, Voogd J, van Huijzen C. The human central nervous
system. Berlin: Springer, 2008.

National Institutes of Health. National institutes of health technology
assessment conference on management of temporomandibular
disorders. Bethesda, Maryland, April 29-May 1, 1996. Proceedings.
Oral Surg Oral Med Oral Pathol Oral Radiol Endod 1997;83:49-183.
Ohrbach R, Dworkin SF. Five-year outcomes in TMD: relationship of
changes in pain to changes in physical and psychological variables.
PAIN 1998;74:315-26.

Olszewski J. On the anatomical and functional organization of the spinal
trigeminal nucleus. J Comp Neurol 1950;92:401-13.

Ozarslan E, Shepherd TM, Vemuri BC, Blackband SJ, Mareci TH.
Resolution of complex tissue microarchitecture using the diffusion
orientation transform (DOT). Neuroimage 2006;31:1086-103.

Parker GJ. Analysis of MR diffusion weighted images. Br J Radiol 2004;
77:5176-85.



4 (2019) €755

(87]

(88]

(89]

(90]

(91]

(92]
(93]

[94]

(99]

[96]

[97]

(98]

[99]

[100]

[101]

Parker GJ, Alexander DC. Probabilistic anatomical connectivity derived
from the microscopic persistent angular structure of cerebral tissue.
Philos Trans R Soc Lond B Biol Sci 2005;360:893-902.

Parker GJ, Haroon HA, Wheeler-Kingshott CA. A framework for
a streamline-based probabilistic index of connectivity (PICo) using
a structural interpretation of MRI diffusion measurements. J Magn
Reson Imaging 2003;18:242-54.

Parker GJM. Probabilistic fibre tracking. In: DK Jones, editor. Diffusion
MRI: theory, methods and applications. New York: Oxford University
Press, 2011. pp. 396-409.

Pessoa L. A network model of the emotional brain. Trends Cogn Sci
2017;21:357-71.

Ramirez LM, Sandoval GP, Ballesteros LE. Temporomandibular
disorders: referred cranio-cervico-facial clinic [in English, Spanish].
Med Oral Patol Oral Cir Bucal 2005;10(suppl 1):E18-26.

Rea P. Chapter 5—trigeminal nerve. In: P Rea, editor. Book chapter
5—trigeminal nerve. Cambridge: Academic Press, 2014. pp. 47-62.
Sarlani E, Greenspan JD. Evidence for generalized hyperalgesia in
temporomandibular disorders patients. PAIN 2003;102:221-6.

Sarlani E, Greenspan JD. Why look in the brain for answers to
temporomandibular disorder pain? Cells Tissues Organs 2005;180:
69-75.

Schmahmann JD, Pandya DN. Fiber pathways of the brain. New York:
Oxford University Press, 2006.

Sessle BJ. Acute and chronic craniofacial pain: brainstem mechanisms
of nociceptive transmission and neuroplasticity, and their clinical
correlates. Crit Rev Oral Biol Med 2000;11:57-91.

Shigenaga Y, Chen IC, Suemune S, Nishimori T, Nasution ID, Yoshida A,
Sato H, Okamoto T, Sera M, Hosoi M. Oral and facial representation
within the medullary and upper cervical dorsal horns in the cat. J Comp
Neurol 1986;243:388-408.

Steno N, Andrault R. Discours sur I'anatomie du cerveau (1669). Paris:
Classiques Garnier, 2009.

Taylor KS, Anastakis DJ, Davis KD. Chronic pain and sensorimotor
deficits following peripheral nerve injury. PAIN 2010;15:582-91.

Tian T, Guo L, Xu J, Zhang S, Shi J, Liu C, Qin Y, Zhu W. Brain white
matter plasticity and functional reorganization underlying the central
pathogenesis of trigeminal neuralgia. Sci Rep 2016;6:36030.
Tohyama S, Shih-Ping Hung P, Zhong J, Hodaie M. Early postsurgical
diffusivity metrics for prognostication of long-term pain relief after
Gamma knife radiosurgery for trigeminal neuralgia. J Neurosurg 2018:
1-10. doi: 10.3171/2018.3.UNS172936 [Epub ahead of print].

www.painreportsonline.com 13

[102] Tournier JD, Calamante F, Gadian DG, Connelly A. Direct estimation of
the fiber orientation density function from diffusion-weighted MRI data
using spherical deconvolution. Neuroimage 2004;23:1176-85.

[103] Tuch DS. Q-ball imaging. Magn Reson Med 2004;52:1358-72.

[104] Tuch DS, Reese TG, Wiegell MR, Makris N, Belliveau JW, Wedeen VJ.
High angular resolution diffusion imaging reveals intravoxel white matter
fiber heterogeneity. Magn Reson Med 2002;48:577-82.

[105] Tuch DS, Reese TG, Wiegell MR, Wedeen VJ. Diffusion MRI of complex
neural architecture. Neuron 2003;40:885-95.

[106] Turp JC, Kowalski CJ, O’Leary N, Stohler CS. Pain maps from facial pain
patients indicate a broad pain geography. J Dent Res 1998;77:1465-72.

[107] Upadhyay J, Knudsen J, Anderson J, Becerra L, Borsook D.
Noninvasive mapping of human trigeminal brainstem pathways. Magn
Reson Med 2008;60:1037-46.

[108] Usunoff KG, Marani E, Schoen JH. The trigeminal system in man. Adv
Anat Embryol Cel Biol 1997;136:1-126.

[109] Wedeen RP, Udasin I, Fiedler N, D’'Haese P, De Broe M, Gelpi E, Jones
KW, Gochfeld M. Urinary biomarkers as indicators of renal disease. Ren
Fail 1999;21:241-9.

[110] Weissman-Fogel I, Moayedi M, Tenenbaum HC, Goldberg MB, Freeman
BV, Davis KD. Abnormal cortical activity in patients with temporomandibular
disorder evoked by cognitive and emotional tasks. PAIN 2011;152:384-96.

[111] Wilcox SL, Gustin SM, Macey PM, Peck CC, Murray GM, Henderson
LA. Anatomical changes within the medullary dorsal horn in chronic
temporomandibular disorder pain. Neuroimage 2015;117:258-66.

[112] Woda A. Pain in the trigeminal system: from orofacial nociception to
neural network modeling. J Dent Res 2003;82:764-8.

[113] Yang Q, Wang Z, Yang L, Xu Y, Chen LM. Cortical thickness and
functional connectivity abnormality in chronic headache and low back
pain patients. Hum Brain Mapp 2017;38:1815-32.

[114] Zakrzewska JM, McMillan R. Trigeminal neuralgia: the diagnosis and
management of this excruciating and poorly understood facial pain.
Postgrad Med J 2011;87:410-6.

[115] Zatorre RJ, Fields RD, Johansen-Berg H. Plasticity in gray and white:
neuroimaging changes in brain structure during learning. Nat Neurosci
2012;15:528-36.

[116] Zhang Y, Mao Z, Cui Z, Ling Z, Pan L, Liu X, Zhang J, Yu X. Diffusion
tensor imaging of axonal and myelin changes in classical trigeminal
neuralgia. World Neurosurg 2018;112:e597-607.

[117] Zhong J, Chen DQ, Hung PS, Hayes DJ, Liang KE, Davis KD, Hodaie M.
Multivariate pattern classification of brain white matter connectivity
predicts classic trigeminal neuralgia. PAIN 2018;159:2076-87.


www.painreportsonline.com

