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Abstract \
Conventional magnetic resonance imaging of patients with trigeminal neuralgia (TN) does not typically reveal associated brain
lesions. Here, we identify a unique group of TN patients who present with a single brainstem lesion, who do not fulfill diagnostic
criteria for multiple sclerosis (MS). We aim to define this new clinical syndrome, which we term TN associated with solitary pontine
lesion (SPL-TN), using a clinical and neuroimaging approach. We identified 24 cases of SPL-TN, 18 of which had clinical follow-up
for assessment of treatment response. Lesion mapping was performed to determine the exact location of the lesions and site of
maximum overlap across patients. Diffusion tensor imaging was used to assess the white-matter microstructural properties of the
lesions. Diffusivity metrics were extracted from the (1) SPL-TN lesions, (2) contralateral, unaffected side, (3) MS brainstem plaques
from 17 patients with TN secondary to MS, (4) and healthy controls. We found that 17/18 patients were nonresponders to surgical
treatment. The lesions were uniformly located along the affected trigeminal pontine pathway, where the site of maximum overlap
across patients was in the area of the trigeminal nucleus. The lesions demonstrated abnormal white-matter microstructure,
characterized by lower fractional anisotropy, and higher mean, radial, and axial diffusivities compared with the unaffected side. The
brainstem trigeminal fiber microstructure within a lesion highlighted the difference between SPL-TN lesions and MS plagues. In
conclusion, SPL-TN patients have identical clinical features to TN but have a single pontine lesion not in keeping with MS and are

refractory to surgical management.
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1. Introduction

Trigeminal neuralgia (TN) is the most common type of chronic
neuropathic facial pain,?® characterized by intermittent attacks of
severe, electric shock-like unilateral pain along the distribution of
the trigeminal nerve branches.'® It has been described as one of
the most excruciating pains a human can suffer,*® causing
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significant distress and deterioration in quality of life.*” Although
not essential to TN pathophysiology, a well-established etiolog-
ical factor is neurovascular compression of the trigeminal nerve at
the root entry zone,?2%% where focal demyelination is believed to
occur at the point of contact.'®%° Trigeminal neuralgia can also
manifest secondary to multiple sclerosis (MS-TN),%® where
demyelinating brainstem plaques are believed to be responsible
for the paroxysmal, lancinating pain.*®

Advances in neuroimaging techniques have identified key
neuroanatomical signatures that distinguish TN. Diffusion tensor
imaging (DTI) studies have shown white-matter microstructural
abnormalities at the trigeminal root entry zone characterized by
lower fractional anisotropy (FA),® 92?831 and higher mean
diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD).®
These metrics derived from DTl have been associated with
pathophysiological mechanisms: FA is highly sensitive to overall
white-matter microstructural changes, while MD, RD, and AD can
provide a specific assessment of neuroinflammation,’ myelina-
tion,*?>** and axonal integrity,*® respectively. In addition, multi-
tensor DTI tractography has revealed differences in brainstem
trigeminal fiber microstructure between patients with TN and
MS-TN.”

Towards our goal to further understand TN, we applied these
advanced neuroimaging techniques to study a new, unique
group of patients with TN who present with an unusual condition,
namely a single brainstem lesion. Magnetic resonance imaging
(MRI) of these patients does not identify any other brain lesions or
atrophy, and patients do not fuffill criteria for the diagnosis of
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multiple sclerosis (MS). The lesions seem to be distributed along
the trigeminal nerve pathway; however, the exact location of the
lesions with respect to the trigeminal nucleus is unknown. The
lesions also appear to be consistent with demyelination, but
conventional MRI demonstrates their significant differences from
MS plaques, in that they appear much more distinct. On top of
this, from a clinical perspective, these patients seem to respond
poorly to surgical treatment. Although single cases or very small
case series of TN patients with brainstem lesions exist in the
literature, 36:23:24:34.38 this unique entity has not been defined as
a syndrome and studied extensively.

Thus, the aim of this study was to define a new clinical
syndrome, which we term TN associated with solitary pontine
lesion (SPL-TN), using a clinical and neuroimaging approach.
Towards this aim, we hypothesized that (1) there is a cohort of
patients with TN that will exhibit a single brainstem lesion and no
other supratentorial or infratentorial lesions. We also hypothe-
sized that (2) these patients will be nonresponders to surgical
treatment, (3) the lesions will be distributed along the affected
trigeminal brainstem pathway based on lesion mapping, and (4)
the microstructural properties of the lesions will be significantly
different from MS plaques and healthy controls based on DTI
metrics and tractography.

2. Materials and methods

2.1. Definition of clinical population: trigeminal neuralgia
associated with solitary pontine lesion

We defined SPL-TN based on the following criteria: (1) diagnosis
of idiopathic TN according to the third edition of the International
Classification of Headache Disorders (ICHD-3)'® and (2) pres-
ence of a single brainstem lesion along the trigeminal nerve
pathway and no other supratentorial or infratentorial lesions.
According to the new ICHD-3,"® these patients fall under the
diagnostic criteria of idiopathic TN because they have clinical
features consistent with TN but either do not have neurovascular
contact or have neurovascular contact without evidence of
morphological changes (eg, atrophy or displacement) in the
trigeminal nerve root demonstrated on MRI. Patients with SPL-TN
do not have TN secondary to MS, cranial tumors, or vertebro-
pbasilar dolichoectasia brainstem compression.

We retrospectively reviewed the MRI and clinical records of 481
patients who underwent neurosurgical treatment for TN at the
Toronto Western Hospital in Canada between June 2004 and
May 2018. Details of the surgical treatments performed, including
Gamma Knife radiosurgery, microvascular decompression sur-
gery, and percutaneous trigeminal rhizotomy have been pre-
viously described by our group.2°€ The lesions were identifiable
on a T1-weighted anatomical MR image. The study was
approved by the University Health Network Research Ethics
Board. Healthy control participants were recruited from the
community and provided written informed consent according to
the Declaration of Helsinki before the study. The inclusion criteria
for the healthy controls were (1) no previous history of neurologic,
psychiatric, or pain conditions, (2) no major surgery of the central
nervous system, and (3) no contraindications for MRI.

Clinical assessment, including a screening neurological exam-
ination and focused examination of the cranial nerves, was
performed for each patient on their first clinical visit to the
neurosurgery center by an experienced neurosurgeon (M.H.). All
patients had clinical symptoms consistent with TN, purely
paroxysmal, according to the ICHD-3,'® characterized by
recurrent, severe, electric shock-like attacks of unilateral pain
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along the distribution of the trigeminal nerve branches, triggered
by innocuous stimuli such as wind, chewing, touching the face,
and brushing the teeth. There were no clinical sensory
abnormalities detectable, such as paresthesia and/or numbness
of the affected trigeminal nerve branches. Patients had no
previous clinical history or events suggestive of MS and were seen
by multiple teams of physicians, including neurologists, neuro-
radiologists, and neurosurgeons, none of whom indicated the
possibility of MS and confirmed the diagnosis of TN. Clinical
examination did not suggest any other facial pain disorder.

To further confirm that patients with SPL-TN do not fulfill criteria
for the diagnosis of MS, 2 neuroradiologists (A.H. and D.J.M.) with
MS-related expertise independently reviewed the MRI and clinical
records of the patients identified. The diagnosis of MS was
excluded, on both clinical and radiological grounds, according to
the latest 2017 McDonald criteria.*® Therefore, overall, the clinical
symptomatology of these patients was indistinguishable from
classical or idiopathic TN. However, they presented with a single
brainstem lesion unrelated to MS.

2.2. Assessment of treatment response

To assess treatment response, all SPL-TN patients with clinical
follow-up data for at least 6 months were included. The outcome
measure was pain intensity as measured by an 11-point
Numerical Rating Scale (NRS) (0-10: no pain—-worst possible
pain) and the Barrow Neurological Institute (BNI) scale (I: no
trigeminal pain, no medication; Il: occasional pain, no medication;
lIl: some pain, adequately controlled with medication; IV: some
pain, not adequately controlled with medication; V: severe pain,
no pain relief). Because we hypothesized SPL-TN patients to be
a specific group of nonresponders, we determined nonrespond-
ers as (1) having undergone multiple, repeat interventions (ie, =3
surgical procedures) or (2) having undergone one surgical
procedure with inadequate pain relief (ie, <75% reduction in
preoperative pain and a BNI score of IV or V), and the decision to
not have further surgery for the time being. The 75% cutoff and
BNI scores | to Il have both been previously used to determine
effective surgical treatment for TN.9:2%:46

2.3. Neuroimaging acquisition

As part of our routine clinical imaging protocol, each patient
underwent MRI (3T GE) sessions with an 8-channel phased-array
head coil to acquire T1-weighted FSPGR anatomical scans (voxel
size = 0.94 X 0.94 X 1 mm®, matrix = 256 X 256, repetition time
=12 ms, echo time = 5.1 ms, inversion time = 300 ms, flip angle
= 20", field of view = 24 cm), T1-weighted FLAIR scans (voxel
size = 0.43 X 0.43 X 3mm?, matrix = 512 X 512, repetition time
= 28367 ms, echo time = 13 ms, inversion time = 860 ms, echo
train length = 6, flip angle = 90°), and T2-weighted FIESTA scans
(voxel size = 0.39 X 0.39 X 0.80 mm?®, matrix = 512 X 512,
repetition time = 4.5 ms, echo time = 2.2 ms, flip angle = 37°).
For a subset of patients, diffusion-weighted imaging scans (60
directions, spin echo EPI sequence, 1 Bg, b = 1000 s/mm?, 1
excitation, ASSET, voxel size = 0.94 X 0.94 X 3 mm?, matrix =
256 X 256, repetition time = 12,000 ms, echo time = 86.4 ms,
flip angle = 90", field of view = 24 cm) were also acquired. Each
healthy control participant underwent an MRI session using the
same scanner, to acquire a T1-weighted FSPGR anatomical scan
and a diffusion-weighted imaging scan with the same parameters
as described above.

Given the nature of the patient group being refractory to
surgical management, a subset of patients was referred to our
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neurosurgical center having already undergone previous surgical
procedure(s). This created a limitation in our ability to study pre-
treatment imaging data in all patients. Thus, we used the earliest
imaging time point available for our analyses. A total of 14 SPL-TN
patients had T1-weighted imaging before treatment, all of whom
exhibited a single brainstem lesion before undergoing their first
surgery. To further ensure that the lesion is not an effect of the
treatment given, we compared the volume (mm?®) and location of
the lesions in a subset of 7 SPL-TN patients who had imaging
before and after treatment (mean post-treatment time point = SD:
6.93 + 2.10 months). For each patient, the lesion was mapped by
hand in T1 space at both the pre- and post-treatment time points
using 3D Slicer v4.3.1."* The change in lesion volume (mm®) before
and after treatment was calculated for each patient using the
percentage change formula. Mean differences in lesion volume
were evaluated using the Wilcoxon signed-rank test. To compare
the location of the lesion before and after treatment, each patient’s
pre-treatment T1 image was linearly registered to their post-
treatment T1 image using FLIRT in FSL v5.0.%2 The lesion mask in
post-treatment T1 space was then overlaid onto the pre-treatment
T1 image to see whether the lesion before treatment was contained
within the voxels of the mask drawn after treatment.

2.4. Evaluation of neurovascular contact

T2-weighted FIESTA images were evaluated to determine the
proportion of SPL-TN patients that had neurovascular contact on
the symptomatic and/or asymptomatic side of the trigeminal
nerve(s). Patients were excluded from this evaluation if they had
undergone a microvascular decompression surgery before
referral to our center.

2.5. Lesion mapping

Brain lesions were mapped by hand in T1 space using 3D Slicer.
The remaining steps were performed in FSL. Nonbrain tissues
were removed using the Brain Extraction Tool (BET) within FEAT,
followed by nonlinear registration to standard MNI152-2 mm
space using FNIRT. The resulting subject lesion maps were
binarized and added together using fsimaths to determine the
distribution of lesions and area with the highest overlap across
subjects.

2.6. Diffusion-weighted imaging processing

Diffusion-weighted images were eddy current and motion
corrected in FSL, followed by diffusion tensor estimation and
derivation of scalar maps (ie, FA, MD, RD, and AD) using 3D
Slicer. Each subject’s T1-weighted anatomical image was then
linearly registered to their diffusion tensor image, highlighting
alignment of the midpontine region of the brainstem where the
lesions are located. To align each SPL-TN patient to their
matched healthy control, nonlinear registration was performed
using Advanced Normalization Tools (ANTs).*

2.7. Microstructural analysis

Microstructural analysis was performed in a subset of SPL-TN
patients who had diffusion-weighted imaging scans. Diffusivity
metrics (FA, MD, RD, and AD) were extracted from 3 region of
interest (ROI) locations using 3D Slicer: (1) the lesion ROl was
defined as the single brainstem lesion; (2) the unaffected ROl was
defined as the contralateral spatially equivalent control region of
the brainstem; and (3) the control ROl was defined as the region
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identical to the lesion ROI and unaffected ROI (ie, left and right
sides of the brainstem), averaged in an age-/sex-matched
healthy control.

2.8. Microstructural comparison of solitary pontine lesions
and multiple sclerosis plaques

2.8.1. Patients with trigeminal neuralgia secondary to
multiple sclerosis

To compare the microstructural properties of the brainstem
lesions between SPL-TN and MS-TN patients, surgically naive
MS-TN patients with brainstem plagues along the trigeminal
nerve pathway were included through retrospective review of MRl
and clinical records. The same clinical imaging protocol and
diffusion-weighted imaging processing pipeline was used as
describe above. Diffusivity metrics (FA, MD, RD, and AD) were
extracted using a whole-lesion and tract-restricted approach.

2.8.2. Whole-lesion approach

The MS plague ROI was defined as all brainstem plaques along
the trigeminal nerve pathway on the affected side. For patients
with multiple plaques, diffusivity measurements were averaged
across all ROls. Metrics from this ROl were compared with those
derived from the lesion ROI of SPL-TN patients.

2.8.3. Tract-restricted approach

To assess microstructural changes specific to the brainstem
trigeminal fibers within a lesion, the trigeminal nerve tracts for each
SPL-TN and MS-TN patient were reconstructed using eXtended
Streamline Tractography.’® eXtended Streamline Tractography is
a multitensor deterministic DTI tractography technique that can trace
through neural areas that have dense crossing fibres, such as the
brainstem. We have previously shown successful visualization of the
brainstem trigeminal fibers using this technique in patients with MS-
TN.” Specifically, ROIs were placed bilaterally at the trigeminal root
entry zone in each patient’s diffusion tensor image, and XST was
performed using the following parameters: Westin planar threshold =
0.2, tensor fraction = 0.2, radius of curvature = 0.8 mm, minimum
length = 10 mm, and step size = 1 mm. Once the brainstem
trigeminal fibers were successfully reconstructed, the lesion ROl in
SPL-TN patients and MS plaque ROl in MS-TN patients were
restricted to only the voxels where the trigeminal nerve brainstem
tracts were present.

2.9. Statistical analysis

Average differences within groups were evaluated using paired-
samples t-tests or Wilcoxon signed-rank tests where appropriate.
Average differences between groups were evaluated using
independent-samples t-tests or Mann-Whitney U tests where
appropriate. A one-way analysis of covariance was conducted to
compare the differences in diffusivity metrics between SPL-TN and
MS-TN patients while controlling for age and pain duration at MRI
date. The proportion of sex in each patient group was assessed using
the x° test. All statistical analyses were computed in SPSS v 22.0
(IBM, Armonk, NY). Multiple comparisons were corrected for all 4
diffusivity metrics for each separate analysis using false discovery rate
correction. Statistical significance was determined at P < 0.05 or g
(false discovery rate—corrected P-value) <0.05 when adjustments
were necessary for multiple comparisons.
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3. Results
3.1. Clinical groups

We found 24 cases of SPL-TN (15 men and 9 women, mean age *
SD: 70.2 = 10.7 years), 18 of which had sufficient clinical follow-up
data for assessment of treatment response. We excluded one
patient for being the only responder, leaving a total of 17 SPL-TN
patients (12 men and 5 women, mean age = SD: 70.4 = 11.3
years) in our lesion mapping analyses. Of these, 11 had diffusion-
weighted imaging scans for microstructural analysis of the lesions.
Thus, 11 SPL-TN patients (7 men and 4 women, mean age =+ SD:
66.4 = 10.2 years) and 11 age-/sex-matched healthy controls (7
men and 4 women, mean age *= SD: 64.6 = 10.0 years) were
included in our DTl analyses. There was no significant difference in
age between patients and controls (tpg = 0.40, P = 0.69).

The analysis performed to ensure that the lesion is not an effect
of the treatment given showed no statistically significant change
in T1 lesion volume (mm?®) before and after treatment (Z = —0.68,
P = 0.50). The mean percentage change in lesion volume *+ SD
was 0.14% = 0.0086. The lesion location also remained the same
as the lesion present before treatment was contained within the
voxels of the mask drawn after treatment. Neurovascular contact
of the trigeminal nerve was less common in this population and
were equally present on the symptomatic (8/18, 44%) and
asymptomatic side (8/18, 44%). There were no instances of
neurovascular contact causing distortion or atrophy of the
trigeminal nerve.

We further identified 17 MS-TN patients (6 men and 11 women,
mean age = SD: 52.1 = 10.0 years) for comparison of brainstem
lesions between SPL-TN and MS-TN patients. The 2 groups were
matched for age of onset of TN (mean age of TN onset + SDgp 1 =
52.2 = 11.7 years, mean age of TN onset + SDys v = 47.4 = 8.91
years; tog = 1.17, P = 0.30). The number of MS brainstem plaques
along the affected trigeminal nerve pathway varied across MS-TN
patients (mean number = SD: 1.76 = 1.15, range 1-5 plaques).
Compared with MS-TN patients, SPL-TN patients were significantly
older (fpe) = 3.67, P = 0.0011) and had longer duration of TN on MR
date (mean number of years = SDgp v = 13.9 = 9.07, mean
number of years = SDysmn = 5.00 + 4.52; 10,01y = 2.87, P = 0.014).
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The distribution of sex between the SPL-TN and MS-TN group was
not significantly different (x(1) = 2.16, P = 0.14). See Figure 1 for
aflow chart of patient selection and MR images of a sample of SPL-TN
and MS-TN patients.

3.2. Patients with trigeminal neuralgia associated with
solitary pontine lesion are nonresponders to
surgical treatment

Seventeen of 18 patients with SPL-TN were nonresponders to
surgical treatment, unrelated to the type of surgery they
underwent. Patients had frequent recurrence of pain and
repeated procedures (mean number of surgeries + SD: 4.11 +
2.42, range: 1-9). Of these 17 nonresponders, 14 underwent 3 or
more surgical procedures. The 3 patients who underwent one
surgical procedure had a 0%, 0%, and 37.5% reduction in
preoperative pain and BNI scores of V, V, and IV, respectively, at
their last follow-up. The single responder achieved a 100%
reduction in preoperative pain and BNI score | from Gamma Knife
radiosurgery treatment at the last, 8-year follow-up. The mean
follow-up period for all patients was 57.9 months (range: 6.0-
157.3 months). Details of these patients are provided in Table 1.

3.3. Lesion mapping reveals the distribution of solitary
pontine lesions

Inall 17 cases, the location of the lesion was in the pons along the
affected trigeminal nerve pathway (Fig. 2). Six patients had right-
sided lesions, and 11 patients had left-sided lesions. The site of
maximum overlap (9/11 patients with left-sided lesions) was in the
area of the trigeminal brainstem sensory nuclear complex
(VBSNC).

3.4. Solitary pontine lesions demonstrate abnormal white
matter microstructure

SPL-TN lesions showed significantly lower FA ({10 = —5.08, P =
4.8x107%,g=7.4x10"%, and higher MD (t0) = 4.98,P = 5.5
X 1074 g =74 X% 107%, RD (t1) = 5.61, P = 2.3 X 1074,

n=481 TN patients with MRI scans

)
- g _ | n=457 do not have
‘ = a brain lesion
r N
n=24 SPL-TN patients identified
n=6 do not have
L ),
| sufficient clinical
. - follow-up data
n=18 with clinical follow-up data \ (ie, > G months) Y,

(to assess treatment response)

9

n=1 responder

v

excluded
-
n=17 with T1 scans
(to perform lesion mapping) p
) L
. ‘ - | n=6do not have -
i DWI scans

n=11 with DWI scans

(to characterize diffusivity of lesion)

L

Figure 1. Flow chart of patient selection and MR images of a sample of SPL-TN and MS-TN patients. (A) Flow chart of SPL-TN patient selection and experimental
design. (B-E) Axial T1-weighted anatomical images of the midpontine region of the brainstem in a sample of patients. (B and C) The single, distinct pontine lesion in
2 different SPL-TN patients (both left-sided pain). (D and E) The multiple, diffuse MS brainstem plaques in 2 different MS-TN patients (left- and right-sided pain,
respectively). MR, magnetic resonance; MS, multiple sclerosis; SPL-TN, TN associated with solitary pontine lesion; TN, trigeminal neuralgia.
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SPL-TN patient demographic and clinical characteristics.

ID Sex Age(y) TNonset Pain Pain N Pain med(s) Type of surgery No. of Scans

age (y) side  distribution duration (y) surgeries

01 F 43 31 L V1/2/3 12 BCF, CZM, HYD GK, MVD, PTR 5 T1, DWI
02 F 69 48 R V2/3 21 GBP, OXC, PHT GK, MVD, PTR 4 T1, DWI
03 F 82 51 L V2/3 31 CBZ, OXY, PGB GK, MVD, PN, PTR 9 T1, DWI
04 M 70 45 L V2/3 25 CBZ GK, PTR 5 T1, DWI
05 M 65 61 L V3 4 CBZ GK 1 T1, DWI
06 M 72 58 L V1/2 14 CBZ, PGB GK, PTR 3 T1, DWI
07 F 86 61 L V2/3 25 None GK 1 T1, DWI
08 M 66 NA L V2/3 NA (61274 GK 1 T1, DWI
09 M 64 53 R V1/2/3 11 PGB GK, MVD, PTR 4 T1, DWI
10 F 76 41 R V2/3 35 CBZ GK, PTR 5 T1, DWI
11 M 73 63 L V3 10 CBz GK, PN, PTR 8 T1, DWI
12 M 79 71 R V3 8 CBz GK, PTR 3 T1, DWI
13 M 74 62 R V1/2/3 12 CBZ, LEV, MOR, NTP, PGB GK, MVD, PNS, PTR, tractotomy ~ 8 T
14 M 87 73 L V2/3 14 CBZ GK, PTR 5 T
15 M 50 45 L V3 5 CBZ, GBP, NTP GK 1 T
16 F 73 63 R V1/2/3 10 CBz GK, MVD, PTR 4 Ik
17 M 67 36 L V3 31 GBP, OXC GK, PTR 4 Ik
18 M 86 56 L V2/3 30 CBZ GK, MVD 3 T

Age (in years), TN duration (in years), and pain medication(s) are based on last clinical follow-up.
All patients have TN, purely paroxysmal.
* Single patient classified as responder. All other patients classified as nonresponders.

BCF, baclofen; CBZ, carbamazepine; CZM, clonazepam; DWI, diffusion-weighted imaging scan; GBP, gabapentin; GK, Gamma Knife radiosurgery; HYD, hydromorphone; LEV, levetiracetam; MOR, morphine; MVD,
microvascular decompression; NA, information not available; NTP, nortriptyline; OXC, oxcarbazepine; OXY, oxycodone; PGB, pregabalin; PN, peripheral neurectomy; PNS, peripheral nerve stimulation; PTR, percutaneous
trigeminal rhizotomy; PHT, phenytoin; SPL-TN, trigeminal neuralgia associated with solitary pontine lesion; T1, T1-weighted anatomical scan; TN, trigeminal neuralgia.

g=7.4%x10"%, and AD (tng = 3.02, P = 0.013, g = 0.013)
compared with the contralateral, unaffected side. Compared with
healthy controls, SPL-TN lesions showed significantly lower FA
(t(13.62) = _283, P = 0014, q = 0018), hlghel’ MD (t(zo) = 466, P
=15x10"% g=38.0x10""and RD (fgq = 5.39, P = 2.8 X
107°, g = 1.1 x 10™%), with no change in AD (to = 0.74, P =
0.47, g = 0.47). The contralateral, unaffected side did not
significantly differ from healthy controls for all diffusivity metrics (q
> 0.05) (Fig. 3).

3.5. Microstructural differences between solitary pontine
lesions and multiple sclerosis plaques

3.5.1. Whole-lesion analysis

When the diffusivity metrics were extracted from the whole SPL-
TN lesions and MS plaques, there were no statistically significant
differences between the 2 entities for FA (g = —0.30, P = 0.77,
g= 077), MD (T(gg) =1.85,P=0.076, q= 015), RD (t(ge) =1.91,
P =0.068, g = 0.15), and AD (tpe) = 1.40, P = 0.18, g = 0.23)
(Fig- 4A-E). The results remained the same after statistically
controlling for age and pain duration at MRI date (g > 0.05).

3.5.2. Tract-restricted analysis

The brainstem trigeminal fibers were successfully reconstructed
in 8 SPL-TN patients (6 men and 2 women, mean age * SD: 69.4
+ 5.8 years) and 15 MS-TN patients (6 men and 9 women, mean
age = SD: 51.8 + 10.6 years). When the ROl was restricted to
only the voxels where the trigeminal brainstem tracts were visible

within the SPL-TN lesion or MS plaque, SPL-TN lesions showed
significantly lower FA (fo0.86) = —2.22, P = 0.038, g = 0.038),
and higher MD (U = 10, P = 0.0013, g = 0.0026), RD (U= 6,P =
4.9 x 107, g = 0.0020), and AD (U = 18, P = 0.0067, q =
0.0089) compared with MS plaques. The results remained the
same after statistically controlling for age and pain duration at MRI
date (g < 0.05). In addition, MS-TN patients showed significant
differences between their whole plaques and restricted trigeminal
brainstem tracts for FA (14 = —2.99, P = 0.0098, g = 0.0098),
MD ({14 = 4.08, P = 0.0011, g = 0.0028), RD (t(14y = 3.65, P =
0.0026, g = 0.0035), and AD (t4 = 4.74,P =32 x 10" % q =
0.0013). Patients with SPL-TN did not show such differences
between their whole lesions and restricted trigeminal brainstem
tracts for all diffusivity metrics (g > 0.05) (Fig. 4F-I).

3.6. Lesion characteristics of the single responder

Although the single SPL-TN responder was excluded from the
group-level lesion mapping and DTl analyses, we compared the
responder’s lesion location and microstructural properties to the
nonresponder group findings. In contrast to the lesions located
more centrally in nonresponders, where the highest lesion overlap
was in the area of the VBSNC, the responder’s lesion was located
in the periphery at the trigeminal root entry zone. The patient did
not have neurovascular contact on both the symptomatic and
asymptomatic side. Diffusivity metrics of FA, MD, and RD of the
responder’s lesion were also outliers (ie, = 2 SD away from the
mean) and closer to the average diffusivity values of the
nonresponders’ unaffected side and healthy controls.
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Number of patients

Figure 2. Lesion mapping results in SPL-TN patients. A group-level map of SPL-TN lesions in 17 patients (6 right-sided lesions and 11 left-sided lesions). Maps are
overlaid on a T1 template in standard MNI152-2 mm space. MNI coordinates of axial slices (z-axis) are shown. The color scale indicates the number of patients that
have a lesion in the given voxel. All lesions are located in the pons along the trigeminal nerve pathway, corresponding to the side of pain. The highest lesion overlap
is centered in the area of the VBSNC, peak MNI coordinates (X, y, z): —10, —38, —34. SPL-TN, TN associated with solitary pontine lesion; TN, trigeminal neuralgia.

4. Discussion

This study defines the new clinical syndrome of SPL-TN using
a clinical and neuroimaging approach. Patients with SPL-TN have
clinical features that are identical to TN but have a single pontine
lesion not in keeping with MS. The definition of this syndrome and
differentiation from other known types of TN are important as
these patients are overwhelmingly nonresponders to surgical
treatment. The lesions are uniformly distributed along the affected
trigeminal pontine pathway, where the greatest lesion overlap
across patients is in the area of the VBSNC. Diffusion tensor
imaging analyses of the SPL-TN lesions demonstrate abnormal
white-matter microstructure, characterized by lower FA, and
higher MD, RD, and AD compared with the unaffected side.
Furthermore, the brainstem trigeminal fiber microstructure within
a lesion, but not the whole lesion itself, highlights the difference
between SPL-TN and MS-TN patients. Thus, although conven-
tional MRI cannot directly distinguish MS plaques from SPL-TN
lesions, DTI may be capable of anatomically differentiating the 2
when a tract-restricted approach is used. This is important in
understanding the potential pathophysiological changes in SPL-
TN patients who differ from MS-TN patients.

We find that in our cohort, all but one patient with SPL-TN are
nonresponders to surgical treatment, the majority having undergone 3
or more surgical procedures. The high number of surgical procedures,
lack of response, and recurrence of pain in this cohort are noteworthy.
Typically, neurosurgical procedures for TN are highly effective, with
approximately 70 to 80% of patients with classical TN'"364149 and 50
to 80% of patients with MS-TN'2°%5" achieving long-lasting pain relief
after treatment. In cases when patients do not respond or pain recurs,
repeat or alternative surgical procedures may be performed. A
number of studies have shown that repeat procedures are a feasible
option with a good likelhood of success and minimal risk of
complications.®'”3” However, itis uncommon for patients to undergo
3 ormore procedures. Thus, if we consider treatment response profile
as a spectrum across subtypes of TN, our findings suggest that

SPL-TN patients would fall on the extreme end of “nonresponse” and
are a critical type of nonresponder. Early identification of these patients
is important and points to the role of novel treatment strategies, such
as neuromodulation, for their management.

We demonstrate using lesion mapping that SPL-TN lesions are
located in the pons along the affected trigeminal nerve pathway,
where the highest overlap is in the area of the VBSNC. The VBSNC
is involved in processing orofacial somatosensory information,
including mechanosensation and nociception. It consists of 2
distinct sensory nuclei—the main trigeminal sensory nucleus and
the spinal trigeminal nucleus. The main trigeminal sensory nucleus
is the more rostral portion of the VBSNC, located in the dorsal
pons. Most fibers related to touch (AB fibers) synapse onto this
nucleus, which mediates facial mechanical sensations.?® The
spinal trigeminal nucleus is located more caudally and extends
along the caudal pons and medulla. A large portion of fibers related
to nociception (Ad and C fibres) synapse onto this nucleus, which
mediates cranial pain sensation.?® Previous studies have sug-
gested an impairment of inhibitory mechanisms in the spinal
trigeminal nucleus may be responsible for the paroxysmal pain in
TN."®27 Taken together, our findings provide further evidence for
a possible central contribution to TN pain.

To further understand the characteristics of SPL-TN lesions,
we used DTl to examine its microstructural properties. We found
changes across all diffusivity metrics in the lesions (ie, lower FA,
and higher MD, RD, and AD) compared with the contralateral,
unaffected side, which suggests overall disruption of white-
matter microstructure, as well as specific changes including
neuroinflammation,’ demyelination,*?>** and axonal degenera-
tion.*® This was not surprising as T1-weighted anatomical MR
images show the lesions to be remarkably distinct. What was
unexpected was diffusivity metrics measured from the whole
lesion, and not restricted to the trigeminal brainstem tracts, did
not demonstrate significant microstructural differences between
SPL-TN lesions and MS plagues.
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Figure 3. Microstructural properties of SPL-TN lesions. (A) ROl placements for an example SPL-TN patient shown on an axial T1-weighted anatomical image (left)
and DTlimage (right). The DTl is shown in color-by-orientation view (red: left-right, green: anterior-posterior, blue: superior-inferior). (B-E) Average microstructural
diffusivity metrics (FA, MD, RD, and AD) = SEM with overlaid individual data points. Solitary pontine lesions demonstrate characteristically lower FA (B), higher MD
(C), RD (D), and AD (E) compared with the contralateral, unaffected side. Except for AD, the same trend remains when compared with healthy controls. *P < 0.05,
**P < 0.001 (FDR-corrected). AD, axial diffusivity; DTI, diffusion tensor imaging; FA, fractional anisotropy; FDR, false discovery rate; MD, mean diffusivity; RD,

radial diffusivity; ROI, region of interest; TN; trigeminal neuralgia.

The pathological hallmark of MS is multiple lesions, or more
specifically plaques, within the central nervous system. The
dominant pathological feature of MS-related lesions is demyelin-
ation, including variable gliosis and inflammation, with relative
preservation of axons®*—although it is important to note that the
histopathology of MS lesions are heterogeneous, as are the
number, location, size, and shape of lesions across patients.'® In
MS-TN patients, demyelinating brainstem plaques are believed to
be responsible for the paroxysmal, lancinating pain.>° On
conventional MRI, MS plagques seem more diffuse and less
demarcated compared with SPL-TN lesions. Based on what is
known about MS-related lesions, we hypothesized that diffusivity
metrics would differ between SPL-TN lesions and MS-TN
brainstem plaques. However, we found that DTl did not
differentiate between the 2 types of lesions when using
a whole-lesion approach.

We examined the brainstem trigeminal fibers of SPL-TN and
MS-TN patients using tractography and restricted our diffusivity
measurement to only the voxels where the trigeminal brainstem
tracts were present within the SPL-TN lesion or MS plaque. This

tract-restricted approach revealed significant differences across
all diffusivity metrics (ie, lower FA, and higher MD, RD, and AD) in
SPL-TN patients compared with MS-TN patients. Thus, multi-
tensor deterministic DTI tractography may objectively distinguish
the brainstem trigeminal fiber microstructure of SPL-TN and MS-
TN patients. More broadly, our findings suggest that meaningful
differences can be masked by extracting diffusivity metrics from
the whole lesion because it may include measures unrelated to
the tract of interest. This may especially be the case in areas that
have dense crossing fibres, such as the brainstem. This points to
the importance of considering a tract-restricted approach when
performing such an analysis. In addition, our findings provide
insight into the specific neuroanatomical features that highlight
nonresponse to treatment, where centrally disrupted pontine
trigeminal fibers may be a key feature for patients that respond
poorly to current surgical treatment modalities. This is consistent
with our previous finding in classical TN patients, where
nonresponders show presurgical microstructural abnormalities
that lie more centrally within the brainstem at the pontine
segment.?’
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Figure 4. Microstructural differences between SPL-TN lesions and multiple sclerosis plaques. (A) CN V tract ROl placement for an example SPL-TN patient
shown on an axial T1-weighted anatomical image (left) and DTlimage (right). The DTlimage displays the reconstructed affected trigeminal nerve tracts and
successful visualization of the brainstem trigeminal fibers. The color scale indicates the spectrum values of FA (0-1.0) of the tracts. The CN V tract ROl is
restricted to only the voxels where the trigeminal brainstem tracts are present within the lesion. (B-l) Average microstructural diffusivity metrics (FA, MD,
RD, and AD) = SEM with overlaid individual data points. The microstructural properties of the whole SPL-TN lesions (red, n = 11) do not differ from MS
plaques (blue, n = 17) (B-E). The brainstem trigeminal fibers within a lesion in SPL-TN patients (solid red, n = 8) revealed lower FA (F), higher MD (G), RD
(H), and AD (I), compared with MS-TN patients (solid blue, n = 15). *P < 0.05, **P < 0.01 (FDR-corrected). CN V = trigeminal nerve. AD, axial diffusivity;
DT, diffusion tensor imaging; FA, fractional anisotropy; FDR, false discovery rate; MD, mean diffusivity; MS, multiple sclerosis; RD, radial diffusivity; ROI,

region of interest; TN, trigeminal neuralgia.

Trigeminal neuralgia associated with brainstem lesions is
considered rare and has not been defined as its own syndrome.
To the best of our knowledge, only a total of 13 cases of TN
patients with brainstem lesions have been previously
reported.®6:28248438 Chang et al.® reported 2 cases treated
with Gamma Knife radiosurgery, including one patient with
bilateral TN and bilateral pontine lesions. They suggested an old
pontine viral neuritis as a possible cause of the lesion for both
patients. Arrese et al.® reported 4 cases and suggested
demyelination or ischemia as the likely nature of the lesion.
Although Neetu et al.>* also reported 4 similar cases and used DTl
to identify microstructural abnormalities, they examined the
trigeminal root entry zone and not the brainstem lesion of these
patients. There are also 3 single case reports of TN resulting from
pontine infarction.?32438 In this study, we identify 24 cases of
SPL-TN out of our pool of 481 TN patients. Thus, based on our
cohort, approximately 1 in 20 patients with TN have a pontine
lesion. This suggests that this syndrome may be far more
common amongst people with TN than previously believed.

There are several limitations to this study. Given the long-
standing history of TN and refractory nature of the SPL-TN
cohort, we were unable to limit our study to patients with
surgically naive imaging. To ensure that the lesion is not an
effect of surgery, we demonstrated that there is no significant
change in T1 lesion volume and location in a subset of patients
who had imaging before and after treatment. Furthermore,

none of the patients reported significant sensory changes as
a result of surgery, including paresthesia or numbness—one
would expect this if the lesion was a surgical complication.
Nonetheless, our lesion mapping and DTI findings may have
been influenced by previous surgery. A prospective corrobo-
rative study on surgically naive patients may be merited.
Another limitation is the retrospective nature of the study.
However, this approach led to the discovery of this unusual
clinical group and comprehensive examination of their clinical
and neuroimaging characteristics. Thus, this retrospective
study serves as an important foundation for defining this
syndrome and future prospective studies are merited to gain
further insight. Our sample size was also relatively small.
However, this is the largest and most comprehensive study to
date that provides a clear definition of this entity as its own
syndrome. Overall, we highlight the importance of future
research across multiple domains (eg, neuroimaging, neuro-
physiology, and histology) to further understand this unique
clinical syndrome and its potential etiology.

In conclusion, our study defines a new clinical syndrome of
SPL-TN. Advanced neuroimaging techniques reveal the central-
ized location of these lesions and pinpoints their microstructural
differences from MS plaques. Given the refractory nature of this
syndrome, identifying SPL-TN as a distinct subset may be
important in the clinical setting as it will guide treatment decision-
making.
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