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A B S T R A C T   

Objective: Trigeminal neuralgia (TN) is a neuropathic pain syndrome that typically exhibits paroxysmal pain. 
However, the true mechanism of pain processing is unclear. We aim to evaluate the neural activity changes, 
before and after radiofrequency rhizotomy, in TN patients using functional MRI (fMRI) with sensory and motor 
stimulations. 
Methods: Six patients with classical TN participated in the study. Each patient underwent two boxcar paradigms 
of fMRI tasks: air-sensation and jaw-clenching around 1–3 weeks before and after the surgical intervention. 
McGill Pain Questionnaire (MPQ) was used to evaluate the pain intensity prior to fMRI study. 
Results: Before rhizotomy, the jaw-clenching stimulation yielded reduced brain activation in primary motor (M1) 
and primary (SI) and secondary somatosensory (SII) cortices. Following intervention, activation in those regions 
returned to near normal levels observed in healthy subjects. For air-sensation stimulation, several pain and pain 
modulation regions such as right thalamus, right putamen, insula, and brainstem, were activated before the 
intervention, but subsided after the intervention. This correlated well with the change of MPQ scores (p < 0.01). 
Conclusions: In our study, we observed significant pain reduction accompanied by increased motor activities after 
rhizotomy in patients with TN. We hypothesize that the reduced motor activities identified in fMRI may be 
reversed after the treatment with radiofrequency rhizotomy. More research is warranted.   

1. Introduction 

Trigeminal neuralgia (TN, tic douloureux) is a neuropathic orofacial 
pain syndrome characterized by episodic and shock-like unilateral facial 
pain in one or more branches of the trigeminal nerve (5th cranial nerve) 
[1]. Sensory impairment has been documented using quantitative and 
neurophysiological methods [2,3]. Demyelination, central sensitization, 
and amplified responses to non-noxious stimuli are known phenomena 
in TN, which, in conjunction with after-discharges and neighboring 
neuron coupling, comprise part of the paroxysmal nature of the disease 
mechanism. The true underlying mechanism of pain, however, remains 
unknown. The root entry zone theory cites vascular contact with the 
trigeminal nerve as the primary offense and etiology for pain [4]. Sub-
sequent studies have shown the demyelination of the trigeminal nerve 

and root atrophy to be associated with physical contact [5]. Further-
more, the arterial compression with a nerve is more frequently reported 
in surgical and cadaveric studies than venous contact. Besides changes 
in the nerve itself, specific gray matter volumes have been shown to be 
altered in TN including somatosensory cortex, motor cortex and other 
regions [6]. A study measuring cortical thickness and volume in 24 
patients with TN demonstrated increased gray matter volume in the 
contralateral primary somatosensory cortex (SI), and primary motor 
cortex (M1) [7]. Evidence also illustrated that some gray matter ab-
normalities detected on MRI scans are reversible following effective 
treatment of chronic pain and after microvascular decompression [8,9]. 

In TN, when cases are not controlled by pharmacotherapy, percu-
taneous radiofrequency rhizotomy (RFR) can produce superior results. 
This method maintains 50–60% pain relief for 5 years [10]. 
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Blood oxygenation level dependent functional magnetic resonance 
imaging (BOLD fMRI) is a non-invasive technique to detect brain activity 
during an execution of a designed task or stimulation [11]. Its feasibility 
in visualizing neuro-anatomical locations with task-related stimulus has 
been demonstrated. 

This study aims to evaluate the neural activities in patients with TN 
using BOLD fMRI sensory (air-sensation) and motor (jaw-clenching) 
tasks, for the periods before and after RFR. 

2. Materials and methods 

2.1. Participants 

Two male and four female patients with classical trigeminal neu-
ralgia, ages 57–81 years, average 73.3 ± 10.1, were treated with 
percutaneous radiofrequency rhizotomy and provided consent to be 
included in the study. Local institutional review board approval was 
obtained for the study. 

Radiofrequency ablation was performed at the temperatures varying 
from 70 to 95◦ C. In order to assess patient’s pain intensity, McGill pain 
questionnaire [12] was administered prior to each fMRI study. 

2.2. Imaging acquisition 

A GE 3 T whole body MR scanner (Discovery 750 W, GE Medical 
Systems, Milwaukee, WI), with a high-res 8 channel head coil was used 
to perform fMRI data acquisition. Before the fMRI study, each subject 
rehearsed study tasks to ensure that they could tolerate the participa-
tion. In the scanner, a set of 3D brain images (3D-FSPGR sequence) was 
acquired first. The imaging acquisition parameters were: TR/TE = 7.82/ 
3.0 ms, flip angle = 12◦,field of view = 25 cm, matrix size = 256 × 256, 
slice thickness = 1 mm, with the spatial resolution of 0.97 × 0.97 × 1 
mm3, and 150 or more slices to cover the whole brain. A T2 * -weighted 
gradient echo, echo planar imaging (EPI) sequence was used to acquire 
the functional data. The pulse sequence parameters for blood oxygena-
tion level–dependent (BOLD) imaging were: TR/TE = 3000/30 ms, flip 
angle = 90◦, matrix = 64 × 64, field of view = 24 cm, slices thickness =
3 mm, with the voxel size of 3.75 × 3.75 × 3 mm3, and around 50 slices 
to cover the entire brain. 

All fMRI data sets utilized a boxcar paradigm consisting of a 15 
second baseline, followed by 10 cycles of 15 s ON (task participation) 
and 15 s OFF (no task participation). The stimulus cue was instructed 
first for jaw clenching, then air sensation. The reason for this delivery 
order was to reduce the potential reluctance to continue, caused by the 
pain induced from sensory stimulation. For the jaw clenching paradigm, 
patients performed a biting-down action (ON), then jaw relaxation 
(OFF). The air-sensation paradigm was delivered passively via a nasal 
cannula tube blowing air at patient’s face ipsilateral to the lesion, at a 
rate of 2 Liter/min for ON, and no air for OFF. 

2.3. Brain mapping 

Imaging data was pre-processed with FSL software (https://fsl.fmrib. 
ox.ac.uk/fsl/ fslwiki/FSL)[13], including smoothing (5 × 5 × 5 mm3 

kernel), motion correction, and normalization of images to a standard-
ized brain template. Motion corrections were performed for image 
alignment, with respect to the first set of head images, using FMRIB’s 
Linear Image Registration Tool (McFLIRT). Normalization was modeled 
using 12 parameters model affine transformation in FLIRT. All the 
functional information was later transformed and overlaid on to a 
standard template from FSL. The contrast of fMRI data was estimated by 
FMRI Expert Analysis Tool (FEAT). The fMRI time course was analyzed 
using General Linear Modeling on a voxel-by-voxel basis for activation. 
Individual data were processed for 1st level analysis initially and later 
combined for high level group analysis (for within-group and 
between-group comparisons) with fixed effects model [13]. To compare 

the fMRI activation between groups of pre- and post-rhizotomy inter-
vention, a two tailed, paired student t-test was used. Statistical signifi-
cance was threshold with a cluster threshold of Z > 3.0 and corrected p 
< 0.005. 

For region of interest analysis (ROI analysis) at anatomical locations, 
definitions from Julich Histological Atlas [14] and the Harvard-Oxford 
Subcortical and Cortical Atlas of Neuroanatomy were selected. Cluster 
analysis of voxels was performed using the Featquery program provided 
by FSL. 

3. Results 

A total of 6 patients participated in the study (Table 1). Pre-operative 
fMRI was obtained 2–3 weeks prior to the intervention; follow up im-
aging was obtained 1–2 weeks after the intervention. Average McGill 
pain score before rhizotomy was 50.67 ± 17.79 and significantly 
decreased to 19.5 ± 5.35 after the procedure (p < 0.01). 

The group BOLD activation for pre- and post-RFR intervention with 
the jaw clenching task are displayed in Fig. 1-A, and detail activated 
regions are listed in Table 2. When compared to pre intervention group 
(post > pre condition), significant increase activation was observed in 
the right primary motor cortex (M1), bilateral primary (SI) and sec-
ondary somatosensory cortices (SII), Anterior Cingulate cortex (ACC), 
superior and middle temporal gyrus, right amygdala and right cere-
bellum, as shown in Fig. 1-B and detailed in Table 3. 

For the air sensation stimulation, the within group activation, before 
and after the intervention, was presented in Fig. 2-A and Table 4. 
Activation associated with pain or pain modulation, before the inter-
vention, was identified in the right thalamus, right putamen, insular 
cortex, and brainstem, including periaqueductal gray matter (PAG). 
Interestingly, most of the activation subsided after the intervention. In 
order to see the group comparison map ( pre > post), we have to reduce 
the threshold to Z > 2.5 and p < 0.05 as displayed in Fig. 2-B and  
Table 5. The significant subsided activation was in the right amygdala, 
bilateral hippocampus, right thalamus, right insula, brainstem and 
bilateral cerebellum. 

4. Discussion 

Prior to RFR intervention, the jaw-clenching stimulation generated 

Table 1 
Patient demographics and clinical characteristics.  

Age/ 
gender 

Symptom 
Laterality 

Additional 
history 

Lesion McGill 
Pain 
Score 
(pre/ 
post) 

Post- 
operative 
course 

57/M Right Tortuous Basilar 
Artery 

V3 36/13 Recurrent 
pain 
Repeat RFR 

77/F Left None V3 67/25 Decreased 
V2–3 
sensation. No 
pain 

79/F Left RFR (4 years 
prior) 
-Gamma Knife 
radiosurgery (1 
year prior) 

V1–2 37/26 Mild 
recurrent V1 
pain 

78/F Left None V3 78/15 Recurrent 
pain 
Repeat RFR 

62/M Left Multiple 
sclerosis 

V2 38/21 Recurrent 
pain 
Repeat RFR 

81/F Right None V3 48/17 Recurrent 
pain 
Repeat RFR  
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Fig. 1. A. Jaw-Clenching Group Map. FMRI group activation map (within group analysis) was generated for pre and post intervention condition, respectively. B. Jaw- 
Clenching Comparison Map. Through a two-tailed, paired student t-test, a between groups comparison map (post > pre intervention) was obtained. 

Table 2 
Activation areas from Jaw-Clenching group map.   

Pre-Intervention Post-Intervention 

Areas Vol x Y z Z-max Vol x y z Z-max 

SMA 162 4 -8 48  5.31 344 6 -2 62  5.32 
M1-L 526 -48 -14 26  7.00 288 -54 -4 26  5.65 
M1-R 273 56 0 34  7.78 463 60 -6 26  6.70 
SI-L 1093 -56 -16 20  7.02 925 -62 -14 30  6.55 
SI-R 461 56 0 34  7.78 1109 50 -12 26  6.76 
SII-L 939 -56 -16 20  7.02 1307 -62 -14 30  6.55 
SII-R 486 66 -12 12  5.15 2012 56 -20 22  8.44 
STG-a 67 68 -8 0  4.44 158 62 4 -4  5.19 
STG-p 159 68 -14 12  5.14 475 68 -24 20  6.73 
TFC-a 92 -38 -16 -32  5.48       
TFC-p 195 -38 -16 -32  5.48       
CB-L 581 -20 -60 -24  5.68 481 -18 -68 -28  7.83 
CB-R 305 34 -62 -28  4.72 429 14 -66 -26  6.56 

Vol: activated voxel number; (x,y,z): standard coordinates in mm unit; Z-max: max Z score 
Abbreviation: SMA= Supplementary motor cortex; M1-L (R) = Left (Right) Primary motor cortex; SI-L (R) = Left (Right) Primary sensory cortex; SII-L (R) = Left (Right) 
Secondary sensory cortex; STG-a (p) = Anterior (Posterior) Superior temporal gyrus 
TFC-a (p) = Anterior (Posterior) temporal fusiform cortex; CB-L (R) = Left (Right) Cerebellum. 
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decreased activation in the right M1, bilateral SI, bilateral SII, right 
amygdala, and bilateral cerebellum. The jaw-clenching task has been 
studied elsewhere in both healthy subjects [15,16] and patient groups 
[17,18]. It stimulated the bilateral M1, supplementary motor (SMA), SI 
and SII, thalamus, and cerebellum [16] in normal controls. Nevertheless, 
patients with temporomandibular joint disorder (TMD) [17] showed 
decrease activation in the left primary motor cortex, inferior temporal 
gyrus, and cerebellum, when compared to controls. For bruxism 

patients, a decreased activation pattern was also observed in right 
inferior parietal lobule and dorsal posterior cingulate areas [18]. The 
study from DeSouza et.al reported a reversal effect in insular and 
microstructure nerve abnormalities following effective surgical treat-
ment [8]. In our study, TN patients showed a decreased activation in the 
motor cortex before the intervention, which returned to close to normal 
levels shown in the literature after treatment [15,16]. We hypothesize 
that motor cortex altered activity may be associated with dysfunctional 
sensory afferent pathways and that surgical intervention may be able to 
reverse the reduced motor activation. However, it is possible that due to 
the pain before the intervention, the patients might not perform the jaw 
clenching as hard as later. In our study, the clenching force was not 
quantified. 

Systematic reviews and analyses have shown that surgical motor 
cortex stimulation provides pain relief in trigeminal neuropathic syn-
dromes [19]. Although the specific mechanism is not known, reciprocal 
connections between the primary motor cortex and other brain regions 
(somatosensory cortex, anterior cingulate, and thalamus) suggest a role 
in affective or emotional modulation of pain signaling [19,20]. Hage-
nacker et al. studied transcranial anodal direct current stimulation of the 
primary motor cortex in 10 classical trigeminal neuralgia patients and 
patients with other persistent facial pain diagnoses [21]. They found 
that intensity of pain was ameliorated by 29% in the TN group, but no 
pain improvement was seen with stimulation in atypical syndromes. No 
patients in their data had previous invasive procedures for pain (rhi-
zotomy, surgery, radiation). Their work suggested that motor circuit 
activation could inhibit or modulate abnormal sensory processing. The 
thalamic nucleus is known to receive information from the primary 
motor cortex, which would support the possibility of motor cortex 

Table 3 
Activation areas from Jaw-Clenching comparison map (post > pre).  

Areas Vol X Y Z Z-max 

M1-R 49 60 -2 22  4.18 
SI-L 241 -62 -14 30  5.74 
SI-R 245 62 -4 16  4.54 
SII-L 319 -62 -14 30  5.74 
SII-R 738 56 -20 24  5.54 
ACC 195 -6 34 4  5.03 
Ins 56 38 -6 -4  4.51 
STG-a 127 -62 -10 -10  4.77 
MTG-a 439 -54 0 -32  7.53 
Amyg-R 22 26 2 -10  3.68 
LOC-s 326 28 -80 30  5.22 
LOC-i 682 30 -84 2  4.86 
CB-L 121 34 -56 -30  6.56 
CB-R 209 46 -60 -44  5.78 

ACC = Anterior Cingulate cortex; Ins = Insula cortex; 
STG-a = Anterior Superior temporal gyrus; MTG-a = Anterior Middle temporal 
gyrus; 
Amyg-R = Right Amygdala; LOC-s (-i) = Superior (Inferior) Lateral occipital 
cortex. 

Fig. 2. A. Air-Sensation Group Map. Within-group analysis was performed for Air-Sensation stimulation. B. Air-Sensation Comparison Map. Between-group com-
parison map (pre > post) for Air-Sensation stimulation. 
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stimulation influencing multiple sensory and associative pathways [20]. 
The link between activation of motor pathways and pain relief is not 
fully understood but likely relies on the diffuse connections of primary 
motor cortex to other neural matrices. Our findings of reduced fMRI 
sensorimotor activity before intervention may be a compensatory 
mechanism in adaption to the chronic pain. 

For air-sensation stimulation, before the intervention, we saw 
brainstem activation, more specifically in PAG, which plays a major role 
in pain modulation. The insular cortex manifests a large portion of so-
matosensory inputs including tingling, electric, warm, and cold sensa-
tions. Both non-painful and painful stimuli can generate insular 
activation [22]. The putamen activation may also associate with pain 
and its modulation. Interestingly, in our study, the activation, associated 
with pain and/or pain modulation such as from PAG, insula, and 
amygdala, subsided after the intervention. The working mechanism of 
rhizotomy is to create a thermal lesion to the root or roots of trigeminal 
nerve using radiofrequency. With each lesion, there is a known risk of 
losing tactile sensitivity. However, the degree of this loss after the pro-
cedure has not been reported. 

Air-puff tactile stimulation on the face has been used in task-specific 
fMRI studies with normal subjects [23]. Activations typically localized 
to bilateral primary and secondary somatosensory cortices, primary 
motor cortex, and middle temporal cortices. Our results support these 
published patterns. 

Blatow et al. utilized fMRI with the air-puff paradigm to examine 
finger and lip sensation in TN patients [24]. The authors observed 
general reduction of SI and SII in TN patients that was independent of 
side of symptoms or stimulus, which suggested that reduced activity of 
the cortical thalamic feedback network could result from long-term 
modulation of somatosensory function to potentially painful stimula-
tion. Moisset et al. studied trigeminal TN patients with and without 
evoked pain using fMRI via a cotton swab tactile stimulation [25]. 
Painful stimulation was associated with increased activity in multiple 
areas, including spinal trigeminal nucleus, thalamus, primary and sec-
ondary somatosensory cortices, anterior cingulate cortex, insula, 

premotor/motor cortex, putamen, and PAG. This increased activation 
was no longer seen in areas outside of SI and SII after successful pro-
cedural treatment of TN [25]. The authors considered that the patho-
logical hyperexcitability of the trigeminal nociceptive system and 
activation of PAG might represent a compensatory mechanism 
attempting to involve increased pain modulation. Although the above 
mentioned Blatow and Moisset studies propose different responses of 
pain processing to long stimulus history, both are plausible theories. Our 
patient group showed decreased somatosensory activation overall prior 
to effective rhizotomy, supporting the theory of induction of compen-
satory mechanisms to lessen the affective aspect of chronic pain. 
Recently, the regional cerebral blood flow (rCBF) in PAG has been 
shown to positively correlate with pain experience in both normal 
control and chronic low back pain groups using positron emission to-
mography (PET) [26]. In another PET study, Petrovic et al. reported that 
brush stimuli to the allodynic region activated PAG more than the 
stimulus to control regions [27]. A study from Lee et al. showed that the 
brainstem played a maintenance role in central sensitization during 
noxious stimulation in humans [23]. These studies seem to favor the 
idea of increased activation of modulatory pain pathway components as 
compensation for stimulus. It is likely that both mechanisms, decreased 
somatosensory activation, and increased activation of pain modulation 
pathways, play a role in neural adaptation to chronic pain. 

Our study poses certain limitations, such as small number of study 
subjects, which did not allow for insight into ipsilateral/contralateral 
sensory comparison. The mixed laterality of TN symptoms in our patient 
population is another limitation; it is possible that the process of aver-
aging our data may have masked effects of right-versus left-sided disease 
and associated functional brain changes. Particularly for jaw-clenching 
task, the bilateral activation in M1/SMA and right SI/SII in normal 
subjects [16] makes the laterality less important. 

5. Conclusion 

Our findings provide evidence of altered motor map in patients with 
TN. We hypothesize that the reduced motor response is induced by the 
dysfunctional sensory afferents in patients with trigeminal neuralgia and 
these changes may be improved after radiofrequency rhizotomy. Further 
studies are warranted to better explore the activated regions. 
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