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Abstract

Background—Trigeminal neuralgia (TN) is a chronic brain condition involving the trigeminal
nerve and characterized by severe and recurrent facial pain. While the etiology of TN has been
researched extensively, there is a lack of convergence on the exact physiological processes leading
to pain symptoms. This review seeks to better elucidate the underlying pathophysiology of TN by
analyzing the outcomes of studies that utilize magnetic resonance (MR) structural imaging and
diffusion-weighted imaging (DWI) to examine nerve damage in patients with TN.

Methods—~Performing a structured review of the literature, the authors included human MR
anatomical and DWI studies aimed at visualizing the trigeminal nerve and/or measuring neural
damage pertaining to TN. Studies that measured and compared nerve damage in the affected and
unaffected sides in patients and/or patients and controls were analyzed for neural changes
associated with TN.

Results—Twenty-five studies met inclusion criteria. Overall, the data from the anatomical and
diffusion studies showed decreased volume and cross sectional area, decreased fractional
anisotropy, and increased apparent diffusion coefficient and diffusivity associated with the affected
side of patients compared to the unaffected side as well as in patients compared to controls.

Conclusion—A review of the included studies indicates that neural differences exist between the
affected and unaffected sides in patients as well as between patients and controls in both structural

and diffusion metrics. The amalgamated data suggests that damage of the trigeminal nerve tissue is
commonly found in TN patients and could be a primary factor in TN pathophysiology.
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Introduction and Etiology

Trigeminal neuralgia (TN) is a debilitating neuropathic brain condition, which classically
involves the sensory branch of the trigeminal nerve. Primarily affecting the elderly
population, TN involves severe, episodic facial pain characterized by extreme, sudden
shock-like or burning sensations. [1, 2] Classically described as a sharp lancinating pain, this
syndrome is often initially misdiagnosed and under-treated. Many patients ultimately require
surgical intervention for long-term pain relief. [2] The economic aspects of TN are
significant as well, with approximately 15,000 new patients being diagnosed in the United
States annually [3] and an estimated healthcare cost exceeding $100 million per year for
surgery alone. [1]

The physiological basis of TN has been an ongoing topic of research and study. [2, 4]
Possible etiologies of the disease include neurovascular compression (NVC) [5], multiple
sclerosis [6], tumors [7], arteriovenous malformations [8], and facial injury. [9] The most
commonly accepted etiology in TN is thought to be related to NVC [1] as originally
described by Dr. Janetta. [10] Mechanical compression of the trigeminal nerve can occur as
the nerve leaves the brainstem pons and passes across the subarachnoid space toward
Meckel’s cave. [9] It is believed that the nerve region is especially susceptible to pathologic
changes from vascular contact in the Redlich-Obersteiner’s zone, also known as the root
entry zone (REZ). Serving as a boundary between the central and peripheral nervous
systems, the REZ is characterized by nerve axons ensheathed in central myelin and
subsequently transitioning to peripheral myelin.

Proposed Neurophysiological Mechanisms

Vascular contact in the REZ region can lead to chronic demyelination and abnormal
conduction in the nerve, resulting in structural disarray, electrical instability, and atrophy. [7]
This theory, raised by Devor et al. and coined as the ignition hypothesis [11], is
characterized by the discovery that injured sensory neurons often become electrically
hyperexcitable and generate abnormal spike discharge. [12] It is believed that spontaneous
occurrence of ectopic firing results in burning sensations and paresthesias, symptoms that
are reported in some TN patients. [1] Other injured sensory neurons that are silent but have a
hair-trigger threshold can give rise to a surge of spontaneous firing and neuronal
afterdischarge. This is presumed to cause the pain paroxysms present in TN patients. [12]
The sudden onset of the intense pain paroxysms experienced by some patients with TN
points to a synchronization of the afterdischarge bursts, made possible by axon-to-axon
cross-excitation or crossed after-discharge. Cross-excitation between neurons, also referred
to as ephaptic crosstalk, can occur through close membrane apposition. [13] This pathology
can arise from a lack of myelin sheaths and intervening glial processes. [14]
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The second mechanism for synchronization, crossed after-discharge, is characterized by
nonsynaptic and nonephaptic coupling occurring within sensory ganglia as well as at injured
nerve regions. In this mechanism, impulse activity induces nonsynaptic release of potassium
ions or a neurotransmitter(s) into the interstitial space, which move by diffusion and
generate afterdischarge in neighboring neurons. [15] Both synchronization mechanisms
operate such that even a brief stimulus at a trigger point could be sufficient to induce
immense synchronous activity. [12] The ignition hypothesis explains the electrical
mechanism by which aberrations from loss of nerve integrity can result in abnormal contacts
between nerve fibers and underlie the symptomology of TN. [16]

Dissenting Views to Neurovascular Compression as Etiology

Although NVC is a commonly accepted cause for TN symptoms, some imaging studies have
shown that TN can be present and recur in the absence of NVC. [17, 18] Since TN is
considered a clinical description disease, magnetic resonance imaging (MRI) is not the
standard of care in diagnosis and treatment and, consequently, proof of compression is not
required nor often confirmed for treatment or surgery in the majority of cases. A review of
autopsy studies shows NVC in 90%-100% of TN patients, yet also in 16%-58% of patients
without TN. [19-22] Miller et al. [23] examined NVC in TN patients as well as patients
without TN and found that N\VVC of the trigeminal nerve was more severe in patients with
TN, although NVC also occurred in healthy patients. While a review of the literature
indicates that a wide range of 11%-96% of TN patients have demonstrable NVC, this leaves
4%-89% of TN patients with no observable NVC [17, 20, 24, 25]. This wide range may be
due to selection bias, inclusion of older studies, and/or use of poor quality MRI.

MRI Imaging in TN
MRI has been used to examine neural changes and atrophy at the REZ associated with TN.
[16, 26, 27] These studies have been useful in investigating the potential pathophysiology of
TN. This structured review examines the existing literature on whether damage to the
trigeminal nerve has been identified in TN patients through advanced MRI techniques
including structural imaging and diffusion-weighted imaging (DWI). These MRI techniques
are used extensively in TN studies, since they have efficacious features for detecting nerve
damage.

DW]I allows for visualization of tissue microstructure and white matter tracts in the brain and
spinal cord through tractography. [28] Neuronal structural connectivity can be estimated by
measuring diffusivity of protons along axonal paths. Alterations in tissue microstructure can
be quantified by measuring complementary changes in the diffusion of water within those
tissues. DWI has been a successful tool with clinical applications including characterization
of white matter in patients with brain tumors and characterization of acute ischemic stroke
lesions in the central nervous system. [29] It has also been used to determine the
microstructural neural changes associated with TN utilizing parameters such as fractional
anisotropy (FA), diffusivity, and apparent diffusion coefficient (ADC) for quantitative
analysis of nerve integrity. [6, 30] White matter neuropathology frequently causes a decrease
in FA, but since this may result from increased radial diffusivity and/or decreased axial
diffusivity, other parameters in addition to FA are needed to properly characterize the tissue
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changes. Moreover, measuring radial and axial diffusivities can provide specific information
about the diffusion tensor and alterations in tissue architecture. [29] ADC is informative
since it measures the magnitude of diffusion of water molecules within tissue, which can
alter with changes in tissue microstructure. In addition, two main sequence types used in
structural imaging for visualization of the nerve are SSFP-based (steady state free
precession) sequences and T1 and T2-weighted imaging sequences utilized at high
resolution. Mean cross sectional area and volume of the nerve are often measured to have a
quantitative metric of nerve damage. [31, 32]

Exploring and understanding the neural changes and damage associated with TN can allow
better identification of the source of pain and etiology of the disease, ultimately providing a
framework for timely and accurate diagnosis as well as effective treatments addressing the
root cause of the disease.

Searches were conducted using PubMed and Google Scholar. Of the 283 studies reviewed,
25 were relevant for inclusion (see Figure 1). The criteria determined for inclusion were:
recent studies describing imaging techniques performed on humans for the purpose of
tracking or visualizing the trigeminal nerve and/or measuring the degree of nerve damage or
atrophy.

Studies that met these inclusion criteria were separated into two categories: “Anatomical”
and “Diffusion-Weighted Imaging” studies. Anatomical studies were further subdivided into
studies that analyzed the nerve through “Qualitative” versus “Quantitative” measures. The
parameters evaluated included neurovascular compression, fractional anisotropy, and mean
cross-sectional area of the nerve, among others. Studies which went beyond delineating and
tracking the trigeminal nerve itself and explored nerve damage, often did so by comparing
the affected and unaffected sides of the nerve in patients and/or comparing affected and
unaffected sides in patients and controls.

Studies that focused on NV C only, or were preclinical, such as those performed on primate
models, or focused on other parts of the brain, such as the thalamus and grey matter, were
not included. See Figure 1 for a flowchart of study inclusion strategy and a full list of study
exclusion criteria.

Included Studies

Of the titles and abstracts reviewed through the searches, 25 studies [6, 16, 26, 27, 30-50]
were selected for inclusion in an effort to understand whether nerve damage is a key
component of the pain in TN. Of the 25 included studies, there were seven anatomical-only
studies, nine DWI-only studies, and nine studies that fell into both categories (see Figure 1).
Four of the DWI-only studies performed trigeminal nerve visualization only [45-47, 49]
while the remaining twenty-one studies in the review inspected the neural alterations
associated with TN. Anatomical imaging and DWI results are discussed separately in the
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upcoming sections, with further distinction made between studies that compare TN patients
to healthy controls and studies that compare the affected and unaffected sides of the
trigeminal nerve. Thirteen studies compared TN patients to healthy controls (see Tables 1,
2a, and 2b). Twelve of the studies also identified neurovascular compression on the affected
side of the trigeminal nerve (see Table 1). Two studies analyzed nerve changes by comparing
pre- and post-surgery measurements (see Table 2b).

Anatomical Studies

The main outcomes of the studies that performed anatomical evaluation are outlined in Table
1, with eleven studies identifying structural nerve damage. While some of the studies
identified significant changes using either qualitative [31, 34] or quantitative [48] measures,
the majority of the studies identified structural nerve damage both qualitatively and
quantitatively (see Table 1).

Among those studies that performed a quantitative anatomical evaluation, mean volumes of
the nerve and/or mean cross sectional area of the proximal nerve at the root entry zone were
measured (see Table 1). Of the studies measuring the mean volume of the nerve, some
studies found significant alterations in the mean volume either when comparing the affected
side to the unaffected side of the nerve [26, 39] or when comparing patients to controls. [48]
The rest of the studies [32, 40, 50] measured significant differences in both. All mean
volumes measured were smaller in the affected side of the nerve and in patients compared to
controls.

Of the studies examining mean cross sectional area, some studies measured significant
differences either between the affected and unaffected sides [16, 26, 37] or between patients
and controls [48], while the remaining studies [30, 32, 40, 50] identified significant changes
in both comparisons. In all cases, the mean cross sectional area was found to be smaller in
the affected side than the unaffected side and smaller in patients than controls. See Table 1
for a summary of all anatomical data.

DWI Studies

Four of the DWI studies [45-47, 49] tracked the trigeminal nerve for visualization purposes.
Visualizing the trigeminal nerve is important for understanding the nerve’s microanatomy
and understanding where abnormalities and damage in the nerve can occur when looking at
the nerve in TN patients.

As shown in Table 2a, fourteen DWI studies examined FA and five studies examined ADC.
A majority of the studies examining FA by comparing the affected side and unaffected sides,
found a significant decrease in FA in the affected side. Of the studies examining FA by
comparing the affected and unaffected sides in patients and controls, two [6, 35] found
significant decreases in FA on both sides while four of the studies [27, 32, 36, 42] found a
significantly lower FA only in the affected side. Hodaie et al. [38] and DeSouza et al. [27]
compared FA values as measured before and after surgery, with Hodaie’s study recording a
significant decrease in FA after surgery and DeSouza’s study describing a significant
increase in FA after surgery.
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ADC values were examined by Lummel et al. [6] and Leal et al. [32] with significantly
higher ADC values found in the affected side compared to the unaffected side. These studies
also found ADC to be higher in the affected side of patients compared to controls. The
remaining three studies that examined ADC did not find significance in either of these
categories, as seen in Table 2a.

Seven of the 25 studies in this review (displayed in Table 2b) examined diffusivity of the
nerve, including radial, axial and/or mean diffusivity. Of those looking at radial diffusivity
(RD), three studies [27, 35, 42] found a significant increase when comparing affected to
unaffected sides of the nerve, one study [36] found it trending towards significance, while
the last study [41] did not find any significance. Two studies [35, 36] found significant
increases in the RD when comparing patients to controls in both their affected and
unaffected sides, while another two studies [27, 42] measured significance on the affected
side of the patients compared to controls, and another study [41] did not find a significant
difference in either category. Hodaie et al. [38] and DeSouza et al. [27] found significant
differences in RD when comparing the affected side before and after surgery; Hodaie found
a significant increase while DeSouza found a significant decrease.

For axial diffusivity (AD), only DeSouza et al. [27] measured significance when comparing
the affected and unaffected sides. Two studies [35, 36] found significant increases in both
the affected and unaffected sides when comparing patients to controls, one study [27]
measured a significant increase on the affected side in patients compared to controls, while
another two studies [41, 42] found the measurements for both categories insignificant. When
comparing before and after surgery, DeSouza et al. [27] found a significant decrease in AD
while Hodaie et al. [38] found no significant changes.

In regards to mean diffusivity (MD), the results were scattered with one study [36] finding a
significant increase in the affected and unaffected sides when comparing patients to controls,
three studies [27, 35, 42] finding a significant increase only in the affected side when
comparing patients to controls, and two studies [27, 35] finding a significant increase when
comparing the affected side to the unaffected side. Two studies [41, 48] found no
significance in any of the categories. DeSouza et al. [27] found a significant decrease in MD
in comparing patients pre- and post-surgery.

Discussion

Several trends have emerged through the analysis of the structural and diffusion data
informing nerve changes that occur in TN.

Volume and cross sectional area Decrease

All of the studies that examined the mean volume of the nerve and mean cross sectional area
of the proximal nerve at the root entry zone in TN patients found significant decreases in
both parameters, both when comparing the affected and unaffected sides and comparing
patients to controls. One study that measured the mean diameter of the trigeminal nerve
found that it was smaller on the affected side than the unaffected side. Similarly, another
study, which measured the length of the cisternal segment of the trigeminal nerve, found that
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it was smaller on the affected side than the unaffected side. The overall trend of these data
suggests that depletion of the trigeminal nerve volume is correlated with TN.

Neurovascular Compression Commonly Seen

In these studies, NVC was generally determined through a qualitative visual inspection using
T2-weighted images. Five of the studies measuring quantitative structural nerve damage
indicated NVC of the nerve on the affected side and seven of the studies pointing to
qualitative structural nerve damage found neurovascular compression of the nerve on the
affected side. This supports the idea that TN is accompanied by mechanical compression of
the nerve and thereby may result in nerve atrophy. These findings are consistent with those
in previous studies, which agree that persistent and severe NVVC can lead to atrophy of the
trigeminal nerve and tends to induce demyelination and axonal loss in the affected nerve.
[51] Moreover, some studies have suggested the ignition hypothesis as an explanation,
specifically that damages to the nerve may induce hyper-excitability in the sensory afferents
due to ephaptic transmission and synchronized activity between axons after discharge. [52]

Nevertheless, some studies dispute the role of NVC in the etiology for TN, pointing to TN
patients without NVC while confirming the presence of NVC in healthy controls. [17, 20,
24, 25] A possible theory is that NVC is not seen in many cases due to insufficient field
strength and the resolution and contrast benefits it provides. It may also be helpful to
investigate the nature and causes of NV C itself in order to better understand its role in
trigeminal neuralgia.

Fractional Anisotropy

Eleven of the studies found significant differences in FA. This is a clear indicator of
microstructural changes in the nerve and, perhaps, demyelination, since FA is a measure of
tissue microstructure. [4] The overall trend was that decreased FA values were found when
comparing patients and controls as well as the affected and unaffected sides. This is
consistent with the finding that nerve atrophy is associated with decreased FA values and
that degradation of nerve structure indicates not only a compressive effect but also cellular
changes. [32]

Apparent Diffusion Coefficient

Diffusivity

Of the five studies looking at ADC, two of the studies found a significantly higher ADC in
the affected side compared to the unaffected side and in the affected side of patients
compared to controls. This is significant for understanding the etiology of TN, because
higher ADC values are associated with nerve atrophy. [32]

Five of the studies examining diffusivity identified significant changes in radial, axial, or
mean diffusivity. With the exception of one study that found decreased diffusivity, the
remaining studies that found significant differences in diffusivity identified an increase in
one or more directions, either when comparing patients to controls, affected and unaffected
sides, or pre- and post-surgery outcomes. While all types of diffusivities can be telling, MD
(like FA) has been identified as a marker of more subtle changes in tissue microstructure.
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These changes may emerge from tissue shrinkage and densely packed myelinated fibers as a
consequence of neurodegeneration. [53] This suggests that diffusivity, especially the mean
diffusivity, is a good indicator of neural microstructure and is useful for identifying the nerve
damage accompanied with TN.

Limitations and Biases of this study

Limitations of this review include the small number of studies and small number of patients
analyzed, precluding any statistical analysis for substantiating aggregated results. Biases
may be introduced by some studies, which included only patients who were surgical
candidates or had already undergone surgery, as well as studies which compared patients and
controls who were not necessarily age or gender-matched.

In this review we investigated MRI-detectable trigeminal nerve changes, which may serve to
identify the source of pain in TN and therefore guide treatment. However, study of the nerve
on the cellular and functional levels could also serve to unravel the many layers of TN
pathology.

Conclusions and Future Directions

This review reports the overall trigeminal nerve differences observed between patients and
controls in both diffusion metrics and structural metrics.

The aggregated results of TN structural and diffusion imaging studies suggest that the
etiology of TN may involve mechanical compression of the trigeminal nerve resulting in
intrinsic tissue loss and structural changes in the trigeminal nerve. In twelve out of sixteen
cases, NVC, as revealed through imaging, was found in combination with trigeminal nerve
atrophy indicated by structural and diffusion metrics.

Future studies could be focused on utilizing additional measures for the anatomical basis of
TN such as enhanced vascular imaging, higher resolution structural imaging, and higher
resolution DWI, in order to more accurately characterize nerve loss and identify NVC in TN.
[54, 55] In addition, it may be useful to have a separate analysis looking at the correlation
between structural nerve damage and NVC, in order to determine how the two factors may
be linked in the etiology of TN. Metabolic nerve studies may also prove useful. One avenue
for accomplishing this may be to use higher field strengths such as 7T MRI. [56]

Gaining further insight into the pathophysiology of TN can help in treatment selection,
therapeutic development, and surgical planning and can hopefully improve clinical patient
outcomes in the future. [12]
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Highlights

. Neural differences are observed between patients with TN and controls as
well as between the affected and unaffected sides of the nerve in patients

. Nerve damage is found to be associated with TN

. Nerve damage may play a role in the etiology of TN
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283 PubMed and Google
Scholar Studies found
using relevant search

258 Studies excluded on
basis of:

Ex vivo

Animal studies
Literature Reviews

Anatomical data

2| Not in English
Focused on other parts of
brain (not trigeminal nerve)
Focused on NVC*-only
A 2 Unrelated to meta-analysis
25 relevant studies
identified for inclusion in
meta-analysis
\ 4 \ 4
16 Studies with 18 Studies with

Diffusion data

\ 4 \ 4
9 Studies with 10 Studies with
Quantitative data Qualitative data

Figure 1.

Flowchart of study selection strategy
* Neurovascular Compression
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