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Abstract 

 

Title of Dissertation: Determining the Neural Correlates of Burning Mouth Syndrome 

 

Janell S. Payano Sosa, Doctor of Philosophy, 2020 

 

Dissertation Directed by: David A. Seminowicz, Associate Professor, Department of 

Neural and Pain Sciences  

 

In the United States, nearly 1 million people suffer from burning mouth syndrome 

(BMS), a chronic orofacial pain condition that is largely unrecognized by the medical 

community and predominantly affects post- and peri-menopausal women. Relatively little 

in-depth research is available on the condition, and patients often give up seeking treat-

ment. The pain in BMS arises spontaneously (i.e. in the absence of stimuli), but the 

mechanisms of this spontaneous pain is unclear, and there is limited research on structur-

al and functional brain changes that may occur in a BMS sufferer.  

The goal of this dissertation was to investigate the central nervous system mecha-

nisms of pain experienced in BMS. We collected: 8-day diaries, morning and afternoon 

quantitative sensory testing of both orofacial and forearm regions; afternoon structural 

and functional MRIs, and questionnaires from 27 BMS patients and 33 healthy post-

menopausal women. Our hypotheses that, compared to healthy participants BMS patients 

have: higher pain sensitivity, especially in orofacial regions during the afternoon; lower 

grey matter volume and higher functional connectivity in nociceptive pathways associat-

ed with noxious heat during rest and evoked thermal pain, even after accounting for anxi-

ety, were not supported. Instead, we found a time-of-day-dependent effect during warm 

detection and cold detection of face and forearm; lower grey matter volume of the dorso-

lateral prefrontal cortex (DLPFC), and higher grey matter volume of the inferior temporal 



 

 

 

gyrus and parabrachial nucleus (PBN); lower PBN connectivity with the DLPFC and 

primary somatosensory cortex (S1); higher connectivity of the right lateral hypothalamus 

(LH) with posterior insula during  warm condition; connectivity of right medial hypothal-

amus and LH to left DLPFC and right PBN to bilateral S1 not associated with anxiety in 

BMS compared to healthy participants. Altogether, BMS showed abnormal responses to 

innocuous stimuli. This was supported by fMRI data, where connectivity differences 

were mostly present during innocuous stimulation. These altered sensory and brain re-

sponses could reflect heightened anticipation of thermal stimuli (both pain-specific and 

non-pain specific) associated  with disruption of communication between regions associ-

ated with negative affect of  pain (insula), attention modulation of pain (left DLPFC), 

somatosensation (S1), and thermoregulation (LH and PBN). 
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Chapter 1: Background: What is Burning Mouth Syndrome? 

What is Burning Mouth Syndrome? 

 In the United States women’s health education about menopause, post-

menopause, and the prevalence of chronic pain in older women is lacking and is typically 

only acquired upon a doctor’s visit once symptoms arise (Ghazanfarpour et al., 2015; Sis 

Çelik et al., 2017; Marlatt et al., 2018; Zhang et al., 2019). One such chronic pain condi-

tion that occurs mainly in post-menopausal women, and deserves attention, is Burning 

Mouth Syndrome (BMS) (Grushka, 1987; Lipton et al., 1993; Bergdahl & Bergdahl, 

2007; Albuquerque et al. 2006; Rivinius, 2009; Dahiya et al. 2013). In BMS, orofacial 

areas such as the tongue, palate, and inner lips are affected with a burning, scalding sen-

sation that arises spontaneously and does not cease in the lifespan of the individual 

(Nagler et al., 2004; Dahiya et al., 2013; Aravindhan et al., 2014). BMS pain is typically 

moderate to severe, with average pain intensity rated at 7 on a 0 to 10 scale, 10 being the 

worst pain imaginable (Barker & Savage, 2005; Abetz & Savage, 2009; Mogil et al., 

2012; Khan et al., 2014). However, relatively little research is available on this condition.  

Diagnostic criteria vary due to the lack of understanding of what causes BMS, and 

diversity of clinical presentations yielding different diagnostic criteria for BMS by vari-

ous researchers (Ariyawardana et al., 2019; Bender, 2018; Merskey & Bogduk, 1994). As 

stated by Ariyawardana et al, “the International Headache society classifies the diagnostic 

criteria as “oral pain fulfilling criteria that recurring daily for >2 hr/day for >3 months 

and pain has both burning quality and felt superficially in the oral mucosa; oral mucosa is 

of normal appearance and clinical examination including sensory testing is normal” 

(IHS, 2018), whereas the International Association for the Study of Pain (2016) states the 

https://onlinelibrary.wiley.com/doi/full/10.1111/odi.13067#odi13067-bib-0006
https://onlinelibrary.wiley.com/doi/full/10.1111/odi.13067#odi13067-bib-0044
https://onlinelibrary.wiley.com/doi/full/10.1111/odi.13067#odi13067-bib-0030
https://onlinelibrary.wiley.com/doi/full/10.1111/odi.13067#odi13067-bib-0027
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“burning sensation is usually daily,” with no mention of monthly duration (Ariyawardana 

et al., 2019). As a result of these differences, investigators and medical providers have 

little guidance in determining appropriate diagnostic criteria (Ariyawardana et al., 2019). 

Therefore, BMS patients often give up seeking treatment after encountering several 

health providers assuring them there is nothing physically wrong with them (Burning 

Mouth Syndrome, 2008; Scala et al., 2003; Marino et al., 2010; Maltsman-Tseikhin et al., 

2007). 

BMS is characterized by burning pain despite a clinically normal oral mucosa 

(Grushka et al, 1987; Lamey, 1996). Prevalence of BMS reported in the general popula-

tion ranges from 0.7 to 4.6 percent (Danhauer et al., 2002, Scala et al., 2003, Gremeau-

Richard et al., 2004; Barker & Savage, 2005) and it is mainly found in postmenopausal 

women (Grushka et al, 1987; Lipton et al, 1993; Bergdahl & Bergdahl, 2007; Albuquer-

que et al, 2006; Rivinius et al, 2009; Dahiya et al, 2013).  

BMS is diagnosed via exclusion meaning that conditions in which oral burning 

symptoms occur as a consequence of identifiable pathologies are not classified as BMS. 

However, sometimes a distinction is made between primary and secondary BMS. Prima-

ry BMS is has no identifiable underlying medical problem, and some theories of primary 

BMS include that it is caused by damage to the nerves that control pain and taste (Mott et 

al, 1993; Snyder & Bartoshuk, 2016; Jääskeläinen, 2012; Grushka et al, 2003). Secondary 

BMS is not BMS by definition because it is caused by an underlying medical problem 

and often treating the underlying medical problem can relieve the symptoms of BMS 

(Ariyawardana et al., 2019). Common causes of secondary BMS include: hormonal 

changes (such as menopause or thyroid disease), metabolic disorders such as diabetes, 
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allergies to dental products, dental materials (usually metals), or foods, dry mouth, which 

can be caused by disorders (such as Sjögren’s syndrome) and treatments (such as certain 

drugs and radiation therapy), medications such as those that reduce blood pressure, nutri-

tional deficiencies such as a low level of vitamin B12 or iron, oral infections such as a 

yeast infection, acid reflux (Sun et al., 2013; Teruel & Patel, 2019; Jimson et al., 2015; 

Minor and Epstein, 2011). 

A further classification within BMS is often made based on the temporal pattern of 

symptoms: BMS type I and BMS type II. BMS type I patients experience little to no pain 

in the morning and as the day progresses there pain increases peaking in the afternoon 

(Lamey, 1996; Abetz & Savage, 2009). BMS type II patients wake up with pain and ex-

perience consistently the same amount of pain throughout the day (Lamey, 1996; Abetz 

& Savage, 2009). This study will focus on BMS type I because it provides two states: a 

pain-free morning state and a painful afternoon state, which can be useful in determining 

mechanisms of BMS. 

How is BMS diagnosed? 

An important factor in BMS is location of perceived pain. Most BMS patients 

commonly report burning pain located at the tip and anterior two-thirds of the tongue 

(Nagler et al., 2004; Dahiya et al., 2013; Aravindhan et al., 2014).  While the mechanisms 

of BMS are unclear, a diagnosis of exclusion via clinical examination of the oral mucosa 

is used to rule out local and systemic causes such as bacterial, viral, and fungal infections, 

allergic reactions, vitamin deficiency, or temporomandibular disorder (Brufau-Redondo 

et al., 2008; Aravindhan et al., 2014).  

Current treatments 
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Topical medications are commonly prescribed to help manage BMS. These in-

clude rinses of saline, tabasco sauce, or benzydamine hydrochloride; and topical creams 

such as clonazepam and capsaicin (Kuten-Shorrer et al., 2017; Aravindhan et al, 2014). 

Topical treatments for BMS provide short term relief and systemic treatments provide 

mixed results of long term relief (Martin et al., 2011; Lopez-D’alessandro et al., 2011; 

Aravindhan et al, 2014;  Kuten-Shorrer et al., 2017; Fischoff et al., 2018).  

The biggest limitation with using these topical treatments is that patients have to 

use them multiple times a day to experience relief for a short window of time (Kuten-

Shorrer et al., 2017; Aravindhan et al, 2014). Therefore, topical medications can be 

paired with systemic medications such as antidepressants, anxyolytics, antiepileptics, and 

anticonvulsants (Martin et al., 2011, Fischoff & Spivakovsky, 2018), which are often 

used to treat neuropathic pain conditions (Finnerup et al, 2015), to extend the relief win-

dow. These systemic medications include gabapentin, alpha lipoic acid, oral clonazepam, 

and selective serotonin reuptake inhibitors (SSRIs) (Lopez-D’alessandro & Escovich, 

2011; Fischoff & Spivakovsky, 2018; Aravindhan et al, 2014). However, a major draw-

back of these medications are the side effects, which can include dry mouth, insomnia, 

skin rashes, headaches, memory loss, joint and muscle pain, depression, anxiety, and ad-

diction (Shem et al., 2018; Faryar et al., 2019; Sobieraj et al., 2019). Efficacy of these 

treatments in BMS pain reduction are inconsistent and only seem to work for a small sub-

set of patients (Harvard Health,  2018; Scala et al., 2003; Marino et al., 2010; Maltsman-

Tseikhin et al., 2007; Aravindhan et al., 2014). Insight of the role of the central nervous 

system on pain processing can direct the improvement of current pain management 

treatments in BMS.  
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Similarities between BMS and other chronic pain syndromes 

 The characteristic of pain in the absence of a noxious stimulus found in BMS is 

also a definition used for centralized pain syndromes which occur due to changes in the 

central nervous system that increase peripheral input in the absence of stimuli (Eller-

Smith et al, 2018). Like BMS, several centralized pain syndromes are considered idio-

pathic in nature (Diatchenko et al, 2006). These include classical trigeminal neuralgia, 

temporomandibular joint disorder, fibromyalgia, and migraine to name a few (Eller-

Smith et al, 2018; Maarbjerg et al, 2017).  

 Trigeminal neuralgia is the closest in presentation of symptoms to BMS.  In tri-

geminal neuralgia patients experience recurrent intense electric-shock-like piercing or 

stabbing pain in the orofacial region (Maarbjerg et al, 2017; Renton, 2020). Similar to 

BMS it is idiopathic in nature, although researchers believe that dental work, or accidents 

to the orofacial region can precipitate the onset of symptoms (Renton, 2020). However, in 

contrast with BMS, we know that the cause of the pain arises from irritation to the tri-

geminal nerve triggered by talking, chewing, or any light touch to the orofacial region 

(Maarbjerg et al, 2017). 

Unlike BMS, temporomandibular disorder (TMD) is not only characterized by 

jaw pain but also by difficulty moving the jaw muscles (Slade et al, 2013 & 2016). Addi-

tionally, the cause for TMD although unclear point towards potential injury to the orofa-

cial region due to clenching, grinding of the teeth, or physical trauma to the orofacial re-

gion (Gauer & Semidey, 2015; Ohrbach & Dworkin, 2016). It is also known to be associ-

ated with comorbidities such as migraine, chronic headaches, fibromyalgia, depression, 

and anxiety (Costa et al, 2017; Nazeri et al, 2018). 
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 Fibromyalgia is characterized by widespread pain that arises spontaneously in any 

region of the body but that presents regularly in no specific pattern after its onset 

(Understanding Fibromyalgia, 2008). It is known to be associated with comorbidities 

such as irritable bowel syndrome, migraines, rheumatoid arthritis and systemic lupus 

erythematosus, hypothyroidism, depression, and anxiety (Understanding Fibromyalgia, 

2008). Like BMS, what causes the onset of fibromyalgia is not known. However, the 

major difference is that BMS specifically presents in the mouth. It would be beneficial to 

determine what brain regions could trigger such differentiation in which region of the 

body pain is experienced.  

Aside from the poor quality of life, with centralized pain syndromes patients often re-

port more than one pain syndrome. Such comorbidities include migraines, chronic head-

aches, and increased risk for other conditions such as anxiety, depression, insomnia, fa-

tigue (Nicholson & Verma, 2004). Combined, all of these implicate the hypothalamic-

pituitary-adrenal axis which is involved in the stress response of an individual and thus 

we will explore the involvement of the hypothalamus in subsequent chapters (Eller-Smith 

et al, 2018). 

Review of literature  

  The mandibular branch of the trigeminal nerve is the site that would directly af-

fect the mucous membrane of the mouth and the tip and anterior two-thirds of the tongue 

(Nagler et al., 2004; Benninger et al., 2013; Dahiya et al., 2013; Aravindhan et al., 2014; 

Van der Cruyssen &  Politis, 2018). Sensory afferents from the mandibular branch relay 

pain and temperature stimuli to the trigeminal ganglion to the medulla oblongata in the 

brainstem and secondary neurons relay the signal to the ventromedial thalamus (Kim et 
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al, 1986, Bushnell et al., 1993). Several studies have assessed molecular components and 

epithelial aspects of the tongue in BMS. Jääskeläinen et al used electrophysiological ex-

amination of the trigemino-facial system to test whether BMS is a neuropathic pain con-

dition (Jääskeläinen et al., 1997). Blink reflex and jaw reflex of 11 BMS patients and 10 

healthy participants were assessed to test motor function of the trigeminal nerve and a 

needle-EMG examination of the facial and masticatory muscles was performed in the pa-

tients with abnormalities in the BR recordings (Jääskeläinen et al., 1997). BMS patients 

had normal jaw reflexes, normal blink reflex latencies, and normal EMG results (Jä-

äskeläinen et al., 1997). BMS patients had higher stimulus thresholds for the tactile com-

ponents and non-nociceptive components of the blink reflex when compared with healthy 

participants (Jääskeläinen et al., 1997). They concluded that the blink reflex abnormali-

ties were related to longer disease duration (Jääskeläinen et al., 1997). Another study, by 

Gao et al, stimulated the tongue using electroneuromyography to measure trigemi-

nal somatosensory evoked potentials of 22 BMS patients with pain, 10 BMS patients with 

numbness and 6 healthy participants (Gao et al., 2000). They found that pain thresholds 

were lower in the BMS with pain group when compared to healthy participants. They al-

so found that the BMS with numbness group had higher pain thresholds, longer latencies 

and later spike potentials when compared to healthy participants. They concluded that 

there’s higher nerve sensitivity in BMS with pain group and partial or complete nerve 

blockage in the BMS with numbness group.  In addition, Lauria et al used 3mm biopsies 

of the tip of the tongue of 12 BMS patients (Lauria et al., 2005). They performed im-

munohistochemical and confocal microscope co-localization analysis of markers for 

pathological differences such as density of epithelial nerve fibers, cytoplasmatic, cyto-
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skeletric, Schwann cell, and myelin in BMS patients compared to 9 healthy participants 

(Lauria et al., 2005). The density of epithelial nerve fibers was quantified (Lauria et al., 

2005). They found that BMS patients had lower density of epithelial nerve fibers and epi-

thelial and subpapillary morphological changes associated with axonal degeneration 

(Lauria et al., 2005). They concluded that trigeminal small-fiber neuropathy causes burn-

ing mouth syndrome (Lauria et al., 2005). A supporting publication by Yilmaz et al. 

compared baseline and post-topical capsaicin score and tongue biopsies to further under-

stand BMS (Yilmaz et al., 2007). They used 10 BMS patients and 10 Healthy participants 

and found that there were less nerve fibers penetrating the tongue epithelium, more 

TRPV1 positive fibers, more NGF fibers, and a significant correlation between baseline 

score and the pain score after capsaicin exposure in BMS (Yilmaz et al., 2007). They 

concluded that BMS is a trigeminal small fiber neuropathy and that TRPV1 and NGF 

blockers may be a potential treatment for BMS (Yilmaz et al., 2007). In contrast, Eliav et 

al. analyzed electric taste (electrogustatometry test), electric detection threshold (using a 

neurometer), and density of fungiform papillae in 22 BMS patients and 14 secondary 

BMS patients (Eliav et al., 2007). Electrical taste threshold is associated with chorda 

tympani nerve function and electrical detection thresholds are associated with trigeminal 

nerve function. They found that BMS patients had higher taste detection thresholds but 

no difference in fungiform papillae density when compared to 20 healthy participants and 

secondary BMS (Eliav et al., 2007). They concluded that chorda tympani nerve hypo-

function plays a role in BMS pathophysiology (Eliav et al., 2007). Nasri-Heir et al. re-

peated this test with 25 BMS patients and 20 Healthy participants and had the same 

methods, findings, and conclusions (Nasri-Heir et al., 2011). However, they added analy-
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sis of fungiform papillae density using a digital camera. They found no differences in 

fungiform paipillae density between BMS patients and healthy participants (Nasri-Heir et 

al., 2011). A differing opinion from Wandeur et al. assessed oral epithelial cells of 20 

BMS patients via oral smears using liquid-based exfoliative cytology (Wandeur et al., 

2011). They found morphologically normal epithelial cells in both BMS and healthy par-

ticipants (Wandeur et al., 2011). However, there were more nucleated cells, less cyto-

plasmic area, and bigger nucleus to cytoplasm ratio in BMS patients (Wandeur et al., 

2011). They concluded that epithelial atrophy contributes to oral discomfort in BMS 

(Wandeur et al., 2011).  Similarly, a follow up study by Sardella et al. used 5mm biopsies 

of the anterior or lateral part of the tongue of 10 BMS and 9 Healthy participants to ex-

amine keratinocytes of the oral mucosa involved in forming tight junctions with the 

nerves of the tongue (Sardella et al., 2012). They did not find any changes to oral bi-

omarkers of basal and suprabasal keratinocyte differentiation and adhesion, and no apop-

tosis in the tissue sampled (Sardella et al., 2012). Instead, they found more labelling of 

keratinocyte marker in spinous keratinocyte cytoplasm which they explain is induced in 

response to injury (Sardella et al., 2012). In addition, Camacho-Alonso et al. analyzed the 

number of fungiform papillae in 19mm
2
 area of the anterior tip of the tongue of 20 BMS 

participants using a camera (Camacho-Alonso et al., 2012). The group found no differ-

ences in fungiform density in BMS when compared to 20 healthy participants (Camacho-

Alonso et al., 2012). However, they found the BMS patients had higher fungiform papil-

lae density than their 20 dry mouth (xerostomia) patients (Camacho-Alonso et al., 2012). 

Taken together, there is evidence of abnormal sensory processing in BMS, but results of 
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orofacial nerve and epithelial changes due to BMS are very mixed, likely owing to small 

sample sizes. 

Quantitative Sensory Testing Burning Mouth Syndrome 

The specificity of BMS symptoms leads to the assumption that pain and tempera-

ture sensory afferents of the rest of body are left intact given that the signaling pathway is 

slightly different from the body. In contrast to orofacial pain signaling, sensory afferents 

from the upper extremities such as the forearms project their pain and temperature signals 

from the musculocutaneous nerve to the cervical segments C5 and C6 of the spinal cord 

where secondary neurons project to the ventroposteriolateral thalamus (Besleaga et al., 

2010; Al-Chalabi & Gupta, 2019). However, the claim that BMS is neuropathic gives the 

assumption that only the mouth is affected by the syndrome, and not the rest of the body 

(Albuquerque et al., 2006; Khan et al., 2014; Watanabe et al., 2018; Kolkka et al., 2019; 

Immamura et al., 2019). Sensory function can be determined psychophysically using 

quantitative sensory testing (QST). This non-invasive method can be used in any part of 

the body. QST of the orofacial region of BMS patients compared to healthy participants 

has been compared in several studies. Grushka et al. tested tactile, two-point discrimina-

tion, thermal change detection, heat pain thresholds, warmth scaling, and heat pain toler-

ance and found no differences between groups except for lower pain tolerance of the 

tongue in BMS when compared to healthy participants (Grushka et al., 1987).  They con-

cluded that BMS pathophysiology is due to specific changes in their peripheral or central 

sensory functions (Grushka et al., 1987). However, Kaplan et al. found no significant dif-

ferences in thermal and pain thresholds of BMS when compared to healthy participants 

(Kaplan et al., 2011). They concluded that BMS is not a true small nerve neuropathy 
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(Kaplan et al., 2011). In contrast, Mo et al. found that on the tongue cold detection was 

lower, warmth detection was higher, and heat pain threshold was higher in BMS when 

compared to healthy participants (Mo et al. 2015). There were also no differences in pres-

sure pain thresholds between groups (Mo et al. 2015). They concluded that there was a 

loss of thermal function and no loss of mechanical function in BMS (Mo et al. 2015). On 

the other hand, Watanabe et al. found higher mechanical detection thresholds in the 

tongue of BMS patients with longer disease duration when compared to healthy partici-

pants (Watanabe et al. 2018). They concluded mechanical loss of function in BMS is re-

lated to disease duration (Watanabe et al. 2018). In contrast, Yang et al. 2019 showed 

mixed somatosensory abnormalities in BMS with thermal and mechanical loss or gain of 

function of the tongue represented by lower or higher cold detection threshold, warmth 

detection threshold, thermal sensory limen, paradoxical heat sensation, cold pain thresh-

old, heat pain threshold, mechanical pain threshold, wind-up ratio, and pressure pain 

threshold when compared to healthy participants (Yang et al. 2019). They concluded that 

there is impaired nociceptive processing in BMS (Yang et al. 2019). Thus, although one 

might expect BMS to display altered thermal pain responses, previous studies have 

shown conflicting results. QST of other body regions, such as leg and arm extremities, 

were found to also yield conflicting results with some reporting higher (Honda et al., 

2019), lower (Watanabe et al., 2018), and even equal (Yang et al., 2019) heat pain 

thresholds in BMS patients compared to healthy participants. 

Imaging Burning Mouth Syndrome 

With non-invasive imaging techniques such as functional magnetic resonance im-

aging (fMRI), we can investigate the structure and function of the brain. Imaging studies 
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have shown that chronic pain can lead to anatomical and functional changes of the brain 

regions associated with the limbic, sensory, and cognitive systems. Most commonly acti-

vated regions during noxious stimulation include the primary somatosensory cortex (S1), 

secondary somatosensory cortex (S2), anterior cingulate cortex (ACC), insula, prefrontal 

cortex (PFC), thalamus, and cerebellum (Li, 2018; Kim & Kim, 2016).  

Other regions have also been associated with pain perception and chronic pain 

conditions. For example, the dorsolateral prefrontal cortex (DLPFC) is known to be asso-

ciated with attention, working memory (Siddiqui et al., 2008). However, in fibromyalgia 

and trigeminal neuralgia, the DLPFC is smaller in structure when compared to healthy 

participants (Lorenz et al., 2003; Freund et al., 2009; Seminowicz & Moayedi, 2017). 

Additionally, when stimulated using a technique called transcranial stimulation the 

DLPFC induces analgesia in acute and chronic pain patients (Fierro et al, 2010; Lefau-

cheur et al, 2014; Umezaki et al, 2016; Moisset et al, 2016; Nardone et al, 2017; De Mar-

tino et al, 2019; Seminowicz et al, 2018). Another region called the inferior temporal gy-

rus (ITG) is involved in language, semantic memory processing, visual perception, and 

multimodal sensory integration (Straube et al, 2011; Willens et al, 2007, 2009; Zhao et al, 

2018). It has also been found to be smaller in structure in trigeminal neuralgia patients; 

the smaller the structure the higher the pain intensity and the longer the duration of tri-

geminal neuralgia (Wang et al, 2017). The parabrachial nucleus (PBN) is involved in the 

relay of taste and temperature information to the brain but has also been implicated in 

neuropathic pain (Scott & Small, 2009; Palmiter, 2018; Nakamura, 2018; Chiang, et al, 

2019; Asano et al, 2019; Huang et al, 2019; Uddin et al., 2018; Kato et al, 2018; Willis & 

Westlund, 1997; Bester et al., 1995). It has been shown to be involved in neuroendocrine 
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adaptations of noxious events as well as increase in activity during heat pain stimulation 

(Bester et al., 1995; Stroman et al., 2018). Thus, we should not discount regions outside 

of the pain matrix to potentially be involved in BMS because they could indicate aspects 

of the pathophysiology that could differentiate it from other chronic pain conditions. 

Therefore, we will explore the entire brain in our analysis of BMS patients to ensure we 

have all the information needed to understand the syndrome. 

In order to determine the brain mechanisms of BMS, several studies have turned 

to neuroimaging such as Positron Emission Tomography (PET) and functional Magnetic 

Resonance Imaging (fMRI) to find answers. PET is an invasive neuroimaging technique 

in which a radioactive substance is injected into an individual and used to visualize and 

measure the metabolism of a given molecule in the cells within body tissues (Fraioli et al, 

2014). Jääskeläinen et al. used positron emission tomography (PET) on 10 BMS patients 

to determine the role of the dopaminergic system in BMS (Jääskeläinen et al., 2001). 

They analyzed the presynaptic uptake of 6-[18]Fluorodopa (FDOPA) to measure striatal 

dopaminergic function (Jääskeläinen et al., 2001). They found that in the putamen of 

BMS patients there was lower striatal FDOPA uptake indicating lower inhibition of do-

paminergic pathway and the involvement of the nigrostriatal dopaminergic system in pain 

(Jääskeläinen et al., 2001).  A follow up study by Hagelberg et al. used PET imaging to 

look at dopamine receptors D1 and D2 ratio and binding in the striatum (Hagelberg et al., 

2003). They found more D2 receptor binding and uptake in the putamen and lower 

D1/D2 ratio (Hagelberg et al., 2003). They concluded that BMS patients have a decline in 

endogenous dopamine levels in the putamen (Hagelberg et al., 2003). The caveat of PET 
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imaging is that it exposes the patient and the medical staff to radiation (Lakhanpal et al 

2018). 

Unlike PET, fMRI is non-invasive and does not expose the patient or the medical 

staff to radiation. Instead of a radioactive label, fMRI takes advantage of the paramagnet-

ic properties of deoxygenated hemoglobin in the blood (Buxton, 2013; Glover, 2011). 

More specifically, with fMRI we can measure signals called the Blood Oxygenation Lev-

el Dependent signal or BOLD activity which measures the metabolic demands of active 

neurons (Buxton, 2013; Glover, 2011). During increased neural activity there is an in-

crease in cerebral blood flow which in turn creates a change in the ratio of oxygenated to 

deoxygenated hemoglobin in the blood of the regions being used at rest or during a cer-

tain task (Buxton, 2013; Glover, 2011). Thus, by tracking this ratio we can indirectly 

measure neuronal activity (Buxton, 2013; Glover, 2011). Albuquerque et al used func-

tional MRI to look at BOLD activity after trigeminal nerve exposure to noxious heat in 8 

BMS patients (Albuquerque et al., 2006). They found that BMS patients had more activi-

ty in the right anterior cingulate cortex and bilateral precuneus but less activity in the bi-

lateral thalamus, right middle frontal gyrus, right pre-central gyrus, left lingual gyrus, and 

cerebellum (Albuquerque et al., 2006). They concluded that BMS had similar activation 

patterns as other neuropathic conditions and that hypoactivity of the brain is characteristic 

of BMS pathophysiology (Albuquerque et al., 2006). Khan et al. compared grey matter 

volume between 9 BMS patients and 9 healthy controls using voxel based morphometry 

(Khan et al., 2014). The study reported that compared to healthy controls, BMS patients 

had lower GMV in the medial prefrontal cortex an area known for decision making, short 

term memory, working memory, social cognition, executive control (Bechara et al, 1994; 
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Ridderinkhof et al., 2004; Seamans et al., 1995). The study also reported that in healthy 

participants, BMS patients had higher GMV in the hippocampus an area known for long-

term memory, spatial navigation, and learning (O’Keefe, 1990; Ayoub et al, 2019; Addis, 

2011; Fanselow & Dong, 2010). They concluded that medial prefrontal cortex and hippo-

campus are associated with depression in BMS (Khan et al., 2014; O’Keefe, 1990). Addi-

tionally, Shinozaki et al. showed that repeated pain stimulation to the lower lip was asso-

ciated with habituation of brain activity of the cingulate cortex with pain intensity being 

correlated with brain hypo-activity in BMS patients when compared to healthy controls 

(Shinozaki et al. 2016). Overall, it has been reported that BMS patients have hypoactivity 

of brain areas such as the thalamus, precuneus, primary somatosensory cortex, and cingu-

late cortex during pain tasks (Costa et al, 2007; Kohashi et al, 2020; Shinozaki et al, 

2016; Yoshino et al, 2017; Albuquerque et al, 2006). 

Overview of dissertation 

In summary, many theories have developed with regards to BMS pathophysiolo-

gy. Some researchers believe that there is abnormal interaction between the sensory func-

tions of facial and trigeminal nerves in BMS. Others have found sensory dysfunction as-

sociated with trigeminal neuropathy. Additionally some found hypofunction of the do-

paminergic pathway in BMS. Overall, there is consensus that BMS is a neuropathic pain 

condition and it seems that both the peripheral and the central nervous systems are affect-

ed in BMS. 

Non-invasive testing techniques such as quantitative sensory testing or functional 

neuroimaging can direct our current approaches of BMS pain management. Several neu-

roimaging studies have shown that the brain undergoes structural and functional plasticity 
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in chronic pain (Khan et al., 2014; Aravindhan et al., 2014; Davis, 2011; Kuner &  Flor, 

2016; Mansour et al, 2014; Li, 2018; Kim & Kim, 2016). Fortunately, emerging data 

suggest that these brain changes can be reversible after successful pain treatment (Zhang 

et al, 2020; Kucyi & Davis, 2016; McCarberg & Peppin, 2019; Zaniboni et al, 2018; Li et 

al, 2014). However, current knowledge about what structural and functional changes may 

occur in the brain of a BMS sufferer is very limited. Measuring BOLD activity in BMS 

allows us to determine what locations of the brain are activated during a task (Lindquist, 

2015). We can then construct a map of the brain regions associated with certain tasks 

(Lindquist, 2015). However, out of 10 neuroimaging studies in BMS, 4 of them looked at 

brain activations and only 2 looked at functional brain connectivity (Costa et al, 2007; 

Kohashi et al, 2020; Tan et al, 2019; Lee et al, 2019; Wada et al, 2017; Sinding et al, 

2016; Khan et al, 2014; Shinozaki et al, 2016; Yoshino et al, 2017; Albuquerque et al, 

2006). A gap in the field is the lack of knowledge of how these brain regions interact with 

each other. If we are able to determine these relationship patterns we can better address 

potential mechanisms of BMS pathophysiology. We can non-invasively investigate the 

cross-talk between brain regions using functional connectivity in order to make state-

ments about the relationships among brain regions by analyzing the synchronized neu-

ronal activity of two or more brain regions affected in BMS (Fukunaga et al., 2008; Liu, 

2013; Gay et al, 2014; Lindquist, 2015; Tak et al., 2015).  

The overall goal of this dissertation project was to investigate how BMS affects 

pain-related central nervous system (CNS) mechanisms by using quantitative sensory 

testing of the orofacial region and the body as well as by neuroimaging of structure and 

functional connectivity of the brain. Therefore, we aimed to capture whether BMS suffer-
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ers process face and body pain differently from healthy people as well as determine 

whether differences in functional connectivity are associated with anxiety. Each subse-

quent chapter is part of an aim that offers new information with regards to how BMS pa-

tients react to thermal and noxious stimuli or lack thereof.  

Specific Aims of Dissertation 

Aim 1: Determine how ongoing orofacial pain affects acute pain in BMS 

 The literature shows mixed results in terms of QST. We believe that this variation 

in findings is due to the lack of consideration of timing of pain in BMS as the day 

progresses. It is possible that the intensity of BMS pain at the time of testing could be the 

main culprit. Therefore, we obtained morning (pain-free state) and afternoon (pain-full 

state) QST data from our BMS type I patients to compare to healthy participants. We 

hypothesized that, compared to healthy participants, BMS patients have higher pain 

sensitivity, especially in orofacial regions during the afternoon. 

Predicted results, interpretations: We predict that arm and face HPTs will be lower in 

the patient group than in the healthy group. This would suggest that BMS affects acute 

temperature pain perception of the body. Furthermore, we predict that PPTs will not be 

different between patient and healthy control groups. Otherwise, this would suggest that 

BMS also affects acute mechanoreceptor signaling and further testing is necessary. We 

also predict that BMS patients have higher pain ratings at all temperatures when com-

pared to healthy controls. This would suggest that BMS decreases thermal somatosensory 

perception of the body. This could support that the typically non-painful oral temperature 

is perceived as painful in BMS but further orofacial testing is necessary. All these differ-

ences are expected to be more prominent when BMS patients are tested in the afternoon 
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compared to morning. Healthy controls are not expected to show a difference between 

morning and afternoon testing sessions. Chapter 2 is an overview of the results of quanti-

tative sensory testing of the orofacial region and the forearm to understand whether BMS 

participants react differently than healthy participants. 

Aim 2: Determine how BMS affects grey matter volume and resting functional 

connectivity of brain regions in nociceptive pathways 

Because chronic pain is known to alter structure and function of the brain, we 

believe that BMS will also alter the brain. To ensure we obtain all the information 

possible we examined the entire brain structure with the expectation that regions found to 

be different in structure will in turn also change how the brain communicates between 

regions. Thus we followed up by using those structurally different brain regions to 

examine functional changes in the brain. We hypothesized that there would be lower grey 

matter volume in nociceptive pathways associated with noxious heat mediation such as 

the anterior cingulate, insula, SII, and thalamus in BMS compared to healthy 

participants. We also hypothesized that BMS individuals would have higher resting state 

functional connectivity of the regions found to be structurally different in BMS (from 

previous hypothesis) to regions involved in pain processing such as the cingulate cortex, 

periaqueductal grey, S1, insula and thalamic nuclei.  

Predicted results and interpretations: We predict that the BMS group will have low 

brain volume in regions associated with pain circuitry in our VBM analyses. We also 

predict that the BMS group will have higher brain connectivity explain to insula, cingu-

late cortex, S1, thalamic nuclei. Chapter 3 shows the structural abnormalities found in our 
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BMS sample and chapter 4 shows the brain representation of pain in BMS while at rest 

when no stimulation is given. 

Aim 3: To determine how BMS affects functional connectivity of brain in response 

to evoked pain  

We wanted to explore how the BMS brain behaves during evoked pain. We 

believe that since chronic pain creates functional changes in the brain, BMS will change 

how the brain communicates during evoked pain. Therefore, we hypothesized that BMS 

individuals would have higher brain functional connectivity between the structurally 

different regions from aim 2 to regions involved in pain processing such as the cingulate 

cortex, periaqueductal grey, S1, insula and thalamic nuclei during thermal pain exposure 

to the forearm.  

Predicted results and interpretations: We predict that the BMS group will have higher 

brain connectivity in brain regions activated during noxious heat such as cingulate, insu-

la, and SI and will have high connectivity with the lateral nucleus of the hypothalamus. 

Chapter 5 shows the brain representation of evoked thermal pain in BMS.  

Aim 4: To determine how anxiety affects BMS individuals during pain. 

Because BMS patients tend to also have high anxiety we want to explore whether 

our results from our previous aims are related to anxiety. We hypothesize that high 

anxiety healthy participants will have higher resting state connectivity between the 

structurally different regions from aim 2 to regions associated with negative affect such 

as the amygdala and insula compared to no anxiety healthy participants. We further 

hypothesize that BMS patients will have higher functional connectivity between pain 
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circuitry regions—such as S1, cingulate cortex, periaqueductal grey, and thalamus—

compared to high-anxiety healthy participants. 

Predicted results and interpretations: We predict that high anxiety healthy participants 

will have higher functional connectivity between the hypothalamus and the cingulate cor-

tex, thalamus, and periaqueductal grey in the high anxiety vs no anxiety healthy partici-

pant comparison. We also predict that both high anxiety participants and BMS partici-

pants have higher functional connectivity between the hypothalamus and the insula, 

amygdala, and areas associated with negative affect. Chapter 6 shows our results of the 

brain representations of anxiety in relation to BMS at rest. 

Broader impact of Dissertation 

This study was the first time extensive quantitative sensory testing (QST) was 

obtained from BMS participants alongside functional Magnetic Resonance Imaging 

(fMRI) data collection. This proposal will also provide evidence of how BMS influences 

structural and functional brain changes in BMS patients. Additionally, this proposal 

would inform how BMS influences pain perception. Furthermore, being able to separate 

the pain experience from anxiety driven brain alterations will be useful in further 

understanding the signaling pathways that take place in BMS and other chronic pain 

diseases heavily influenced by anxiety. Chapter 7 closes with future directions and ties 

together the broader picture of the results from each previous chapter. 
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Chapter 2: Quantitative Sensory Testing of BMS 

Introduction  

 Burning Mouth Syndrome (BMS) is a chronic orofacial pain condition that 

mainly affects post-menopausal women (Grushka, 1987; Lipton et al., 1993; Bergdahl & 

Bergdahl, 2007; Albuquerque et al. 2006; Rivinius, 2009; Dahiya et al. 2013). The most 

prevalent symptom of BMS is burning pain in the oral mucosa including the palate, 

inside lip, and the tip and anterior two-thirds of the tongue (Lamey, 1996; Abetz & 

Savage, 2009). However, the affected area of the oral mucosa is clinically normal 

(Lamey, 1996; Abetz & Savage, 2009). Therefore, in the absence of clear pathology in 

the oral mucosa, central mechanisms have been suggested to, at least in part, explain the 

spontaneous burning pain of BMS and the presence of pain in other body regions 

(Cheung & Trudgill, 2015; Jääskeläinen & Woda, 2017; Lee et al, 2019).   

 Somatosensory functions in people affected by BMS can be determined 

psychophysically using quantitative sensory testing (QST) (Madariaga, Tanaka, & 

Ernberg, 2020). Previous QST studies have reported mixed results with some reporting 

BMS patients have increased sensitivity of the orofacial region to thermal stimuli relative 

to healthy participants (table 1) (Grushka et al., 1987; Kaplan et al., 2011; Mo et al. 2015; 

Yang et al. 2019; Honda et al., 2019; Watanabe et al. 2019) yet lower sensitivity of the 

orofacial region to thermal stimuli compared to healthy participants in other studies 

(Madariaga, Tanaka, & Ernberg, 2020). However, QST studies outside the orofacial 

region in BMS patients, such as leg and arm extremities, report mixed results, including 

higher (Honda et al., 2019), lower (Watanabe et al., 2019), and non-differing (Yang et al., 

2019) heat pain thresholds compared to healthy participants.  
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 These conflicting extra-trigeminal QST findings could be due to the cyclical 

nature of spontaneous pain in BMS (Cheung & Trudgill, 2015). Therefore, we focus on 

BMS type I because patients experience little to no pain in the morning and as the day 

progresses their pain increases peaking in the afternoon (Lamey, 1996; Abetz & Savage, 

2009). Thus, if spontaneous pain is related to changes in sensitization, we would expect 

different QST results at different times of the day in BMS type I. However, this temporal 

evaluation of somatosensory responses in BMS type I remains unknown.  

 In the current study, we examined psychophysical responses to thermal and 

pressure stimuli on the face and forearm in the morning and afternoon in BMS type I 

patients and healthy participants to address how time of day affects somatosensory 

responses in BMS type I. We also collected pain diaries from BMS patients across eight 

days to illustrate the cyclical nature of pain in this BMS sample. We hypothesized that 

Table 1: Literature review findings. 
↑
BMS higher than healthy BMS. 

↓
lower than healthy. 

–
no difference between groups. 
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compared to healthy participants, BMS patients have higher pain sensitivity, specific to 

the orofacial regions, during the afternoon. 

Methods 

Overview of data collection 

All research procedures were granted approval by the Institutional Review Board 

of the University of Maryland, Baltimore. Three groups were used for analysis. 

BMS participants were asked to complete a two-day experimental session com-

prised of 3 days of pain diaries followed by test day 1, and test day 2 culminating with 3 

more days of pain diaries. We required visit 2 to be within 9 days after visit 1. An option 

of a one-day experimental session was offered in order to reduce scheduling conflicts and 

increase enrollment. The one-day experimental session comprised of 3 days of pain dia-

ries followed by test day 1, and culminating with 4 more days of pain diaries. 

Participants 

Recruitment criteria 

BMS patients were recruited following diagnosis at the Oral Medicine Program at 

the University of Maryland School of Dentistry (led by TFM), where complete dental and 

oral health examinations were performed. A working diagnosis of BMS was based on a 

chief complaint of pain or burning in the oral mucosa and/or tongue and exclusion of oth-

er known causes of oral burning‐like pain. If BMS patients were taking topical medica-

tions or in the transition of weaning off a systemic medication, to start a new one, we 

asked them to come in when they had completely weaned off of the medications and 

would test them prior to their transition into a new medication regimen.  
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Additionally, all healthy controls were recruited through campus‐wide flyer ad-

vertisement and were free of any chronic pain conditions, psychiatric illness, local oral or 

systemic disease, and salivary dysfunction.  

Exclusion criteria for all studies: subjects unable or refusing to sign consent for 

any part of the testing; any chronic pain conditions; claustrophobia; pacemaker; weight 

over 300 lbs; daily regimen of opiates; excessive alcohol use as measured on the AUDIT 

(Saunders et al., 1993); on hormone replacement therapy within the last 30 days. For 

BMS cohorts, if participants were on a systemic medication regimen they were excluded.  

Enrollment  

Informed consent was obtained from each participant according to the Declaration 

of Helsinki. Altogether, we enrolled 51 total post- or peri- menopausal female partici-

pants: 18 BMS patients and 33 healthy controls (table 2).  

The healthy control group consisted of data from three separate studies: healthy 

control group 1 (n=11) was enrolled in the current protocol with the BMS patients; 

healthy control group 2 (n=10) was obtained from a previous study from our laboratory 

with identical methods for some of the QST procedures; and healthy participant group 3 

Table 2: number of participants and ages.  
s.d.

standard deviation. 
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(n=12) was concurrently run study in our laboratory with identical methods for some of 

the QST procedures.  

BMS and control group 1 volunteers presented themselves for a two-day or a one-

day experimental session. For the two-day experimental session, we randomized whether 

a participant would experience a morning (AM) or an afternoon (PM) QST session on the 

first day and on the second day participants were assigned the opposite time of day 

(AM/PM) for QST testing. For example, if a participant was given afternoon QST on the 

first day, they would have QST in the morning of the second day. For participants who 

could not commit to two testing days we offered a one-day experimental session, where 

we randomized whether a participant would experience a morning or an afternoon QST 

session. 

Diaries 

BMS patients were given an 8-day paper diary to track their oral burning pain in-

tensity and unpleasantness. For the two day visit, they completed the diaries for 3 con-

secutive days prior to the laboratory visit, during the two day visit, and for 3 consecutive 

days after the visit. For the one day visit, they completed the diaries for 3 consecutive 

days prior to the laboratory visit, during the one day visit, and for 4 consecutive days af-

ter the visit. Participants were asked to rate their burning pain intensity on a scale of 0-10, 

with 0 meaning ‘none’ and 10 meaning ‘as bad as you can image’ and unpleasantness on 

a scale of 0-10, with 0 meaning ‘not bothersome’ and 10 meaning ‘extremely bother-

some’, at 5 different time-points: wakeup, 10am, 2pm, 6pm and bedtime each day. 

Thermal testing 
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Thermal heat and cold stimuli were delivered to the forearm and face via a 27mm 

in diameter Medoc Pathway CHEPS Peltier thermode with a heating rate of 70°C/sec and 

a cooling rate of 40°C/sec (Pain & Sensory Evaluation System, Medoc Advanced Medi-

cal Systems Ltd., Ramat Yishai, Israel). Four thermal tests where administered: three 

tests on the forearm (temperature threshold, “levels”, and “ratings” (not reported here), 

testing) and one test on the face (temperature threshold testing). The thermode was repo-

sitioned along the forearm and cheek after each stimulus to avoid temporal summation.  

Forearm temperature threshold testing 

 Participants received a warmth detection threshold (WDT) test, where the tem-

perature increased from a baseline temperature of 32°C at a rate of 1°C/sec until mouse 

click. Then, they received a cool detection threshold (CDT) test, where the temperature 

decreased from 32°C at a rate of 1°C/sec until mouse click. In both WDT and CDT, par-

ticipants were asked to click the mouse when they first detected a change in temperature. 

We then tested heat pain threshold (HPT), where temperature increased from 32°C at a 

rate of 1.5°C/sec until mouse click. Participants were asked to press the mouse as soon as 

the temperature first became painful. WDT, CDT, and HPT were each performed three 

times and were calculated as the average temperature across the three trials.  

Face Temperature threshold testing 

Following the forearm temperature threshold testing procedures, participants re-

ceived WDT, CDT, and HPT tests with temperature stimuli presented three times for 

each test as explained above; however this time the thermode was placed on the left 

cheek. The temperature increased (WDT, HPT) or decreased (CDT) from a baseline tem-

perature of 32°C at a rate of 1°C/second until mouse click when they first detected a 
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change in temperature (WDT, CDT) and as soon as the temperature first became painful 

(HPT). WDT, CDT, and HPT were each performed three times and were calculated as 

the average temperature across the three trials.  

Forearm levels testing 

Subsequently, a “levels” test was administered to the forearm where participants 

received a series of heat stimuli delivered in ascending order of target temperatures: 35°, 

35°, 39°, 41°, 43°, 45°, 47°, and 49°C. We varied the ramp rates to each target tempera-

ture in order to maintain the same ramp time of 1.6 seconds with each heat stimulus, from 

the baseline temperature of 32°C. Target temperatures were sustained for 6 seconds, so 

the total heat stimulus duration including ramps was 9.2 seconds. A 20 second inter-

stimulus interval between target temperatures allowed the participant to input their rating 

for the presented target temperature. Participants rated pain intensity on a numerical rat-

ing scale (NRS) of 0 (no pain) to 10 (extremely intense pain) and pain unpleasantness on 

an NRS of 0 (not bothersome) to 10 (extremely bothersome pain). 

Subsequently, we averaged the first pain intensity and unpleasantness ratings of the 

first two temperature exposures (35°C and 35°C) to obtain a single value for 35°C and 

leaving us with 7 total temperature exposures in the morning and afternoon (14 

temperatures total). Next, we  created a pain intensity Total comparison comprised of the 

AM and PM pain intensity ratings averaged together to obtain a single value per tempera-

ture (7 values total) per group (BMS vs healthy) (see statistical analyses section for more 

details). The same procedure was followed to create a pain unpleasantness Total compar-

ison per group (BMS vs healthy).We also created an AM comparison, the 7 temperature 

stimulations in the AM are averaged together to get a single value per temperature (7 val-
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ues total) per group (BMS vs healthy). The same procedure was followed to create a PM 

comparison per group (BMS vs healthy). Additionally, the same procedure was followed 

to create an AM comparison and PM comparison pain unpleasantness rating per group 

(BMS vs healthy).  

Pressure pain threshold testing 

Bilateral pressure pain thresholds (PPT) were obtained using a Wagner Force Dial 

tm FDK 20 /FDN Series Push Pull Force Gage pressure algometer (20 lb x .25 lb; 10 kg x 

100 gr). Participants received pressure stimuli at four locations of the body: left thumbs, 

elbows, temporalis, and masseter muscles (repeated three times in that sequential order) 

and then right thumbs, elbows, temporalis, and masseter muscles (repeated three times in 

the listed sequential order). Participants were asked to raise a hand when the pressure first 

became painful and the pressure at that instant was recorded in kilograms. 

As explained above, participants were presented with pressure a total of 6 times 

(three times on the left and three times on the right side of the face (temporalis and mas-

seter) and extremities (thumbnail and elbow)). Subsequently, we created a PPT Total 

comparison comprised of the AM and PM 12 pressure exposures (left and right tem-

poralis) averaged together for each group (BMS vs healthy). We created a PPT AM com-

parison the six AM pressure exposures (left and right temporalis) averaged for each 

group (BMS vs healthy). The same procedure was followed for the PM comparison. Ad-

ditionally, we created a PPT AM vs PM comparison using the six PPT AM averages and 

six PPT PM averages for each group (BMS vs healthy). 

Statistical Analysis 
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For each type of QST, the following four comparisons were performed (table 3 and 

table 4): 1. Total comparison: Mann-Whitney U test between groups (healthy vs BMS) of 

the average of both time points (AM and PM). For these analyses, all participants in the 

BMS and healthy groups were included, whether they had data from AM alone, PM 

alone, or both AM and PM, in which case an average was taken. 2. AM comparison: 

Mann-Whitney U test between group analyses of data taken from each subject at the AM 

time point. 3. PM comparison: Mann-Whitney U test between group analyses of data tak-

en from each subject at the PM time point. 4. AM vs PM comparison: Wilcoxon signed-

rank test within group analyses of AM and PM time points within BMS and healthy 

groups. We also performed an area under the curve (AUC) with respect to ground analy-

sis of pain intensity and unpleasantness ratings for the levels test. AUC was calculated 

according to the literature following the same grouping as listed above (Pruessner et al, 

Table 3: number of participants in each test and comparison. *represents exceptions 

where number of participants was lower by one participant than stated in table due to 

missing data: at * AM levels intensity had an n=17 BMS at 47°C and at 49°C; at * AM 

Levels unpleasantness had an n=14 healthy and an n=16 BMS at 47°C; and an n=17 

BMS at 45°C and 49°C. 
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2003).  Because of the small sample size in each group non-parametric tests were per-

formed. Additionally, separate models were run due to the variation in sample size in 

each group. 

Diaries: Mean, median, and range of BMS pain intensity ratings were reported for 

each of the 8 days. A Friedman test was used to compare average pain intensity for 5 time 

points in a day across 8 days, followed by a Dunn’s post-hoc test for multiple compari-

sons. No diaries were collected from healthy participants as ratings of burning mouth 

pain and unpleasantness were presumably zero and therefore no comparisons were made 

for healthy participants.  

Results  

Demographics 

All participants were peri- or post-menopausal women. BMS participants had an 

age range of 47 to 74 years (mean 61, SD ± 6). Seventy-seven percent of BMS partici-

pants were Caucasian, six percent African American, six percent Asian, and eleven per-

cent mixed race.  Healthy participants had an age range of 43 to 73 years (mean 56, SD ± 

8). Seventy-nine percent of healthy participants were Caucasian, seventeen percent Afri-

can American, and four percent Asian.  

Table 4: comparisons and the statistical tests used 
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Diaries 

Pain intensity ratings of BMS patients were significantly higher as the day pro-

gressed from wake to bedtime (p<0.0001) (Figure 1). Post-hoc analyses revealed pain 

intensity ratings increased from baseline by 3.3 at 2pm (p=0.0268), 3.6 at 6pm (p<0.001) 

and bedtime (p=0.0003) compared to wake time. In addition, there were no significant 

differences in pain intensity ratings across each individual time point and the 8 days of 

diary recordings; for example, there was no significant difference in pain rating of wake 

time across the 8 days, no significant difference at 9am across 8 days, and so on.  

Thermal testing in BMS versus healthy participants 

Warmth detection thresholds  

Face: In the Total comparison, BMS patients had significantly lower WDTs than 

healthy participants by 2.2°C (p=0.0494) (figure 2). There were no significant differences 
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Figure 1: Pain intensity ratings of BMS patients across 8 days. The box spans the in-

terquartile range, whiskers represent the full range, horizontal line within each box 

mark the median, and the + represents the mean. *p=0.02, ***p=0.0003, and 

****p<0.0001 compared to wake. NRS: numerical rating scale. 
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in the AM comparison, PM comparison, or AM vs PM comparison within or between 

groups (figure 3). 

Forearm: In the Total comparison, BMS patients had significantly higher WDTs 

compared to healthy participants by 0.8°C (p=0.0172) (figure 2). In the AM comparison, 

BMS patients had significantly higher WDTs compared to healthy participants by 1.3°C 

(p=0.0113). There were no differences in the PM comparison or in the AM vs PM com-

parison.   

Cold detection thresholds 

Face: BMS patients had no significant differences in CDT compared to healthy 

participants in the Total comparison (figure 2). There were no significant differences in 

AM comparison, PM comparison, or AM vs PM comparison within or between groups 

(figure 3). 

Figure 2: Total comparison of temperature detection and pain threshold in BMS pa-

tients compared to healthy participants. WDT, CDT, HPT are shown consecutively in 

order of exposure to the face (top) and forearm (bottom). *p<0.05 and **p<0.005.  
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Forearm: In the Total comparison, BMS patients had significantly lower CDTs 

compared to healthy participants by 2°C (p=0.0021) (figure 2). In the AM comparison, 

BMS patients had significantly lower CDTs compared to healthy participants by 1.9°C 

(p=0.0096). In the PM comparison, BMS patients had significantly lower CDTs com-

pared to healthy participants by 1.7°C (p=0.0397). In the AM vs PM comparison, there 

were no differences within groups (figure 3).   

Heat pain thresholds  

Face: BMS patients had no significant difference in HPT compared to healthy 

participants in the Total comparison (figure 2). There were no significant differences in 

AM comparison, PM comparison, or AM vs PM comparison within or between groups 

(figure 3). 

 Forearm: BMS patients had no significant difference in HPT compared to healthy 

Figure 3: Morning versus afternoon temperature detection and pain threshold in BMS 

patients and healthy participants. Face (top) and forearm (bottom) measures. 
*
p<0.05, 

**
p<0.005. 
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participants in the Total comparison (figure 2). In the AM comparison, PM comparison, 

or AM vs PM comparison, there were no significant differences within or between groups 

(figure 3). 

 “Levels” forearm pain testing BMS versus healthy participants  

In the Total comparison, BMS participants had significantly higher pain intensity 

at 35°C by 2.583 pain ratings (p=0.0006), 39°C by 1.583 pain ratings (p=0.0386), 41°C 

by 1.417 pain ratings (p=0.0412), 43°C by 3 pain ratings (p=0.0167), 45°C by 2 pain rat-

Figure 4: Total comparison of “levels” forearm responses in BMS patients relative to 

healthy participants. Averaged intensity (left) and unpleasantness (right) responses per 

temperature and the respective standard deviation. The boxplot (bottom) shows the 

overall effect of healthy and BMS patients on pain intensity and unpleasantness as 

AUC. *p<0.05. ***p=0.0006. 



 

35 

 

ings (p=0.0146), 47°C by 2.75 pain ratings (p=0.0201) (figure 4). There were no differ-

ences in the AUC for pain intensity or unpleasantness Total comparison.  

In the PM comparison, BMS participants had significantly higher pain intensity 

ratings at 35°C by 1.75 pain ratings (p=0.0206). There were no significant differences in 

the AM comparison nor in the AM vs PM comparison. There were no differences in 

AUC for AM comparison, PM comparison, or Am vs PM comparison.  

In addition, BMS had significantly higher pain unpleasantness ratings at 35°C by 

0.583 pain ratings (p=0.0112) in the Total comparison. In the unpleasantness AUC AM 

Figure 5: Morning versus afternoon “levels” forearm responses in BMS patients and 

healthy participants. Averaged intensity (left) and unpleasantness (right) responses per 

temperature in the morning (AM) and afternoon (PM) and the standard deviation. The 

boxplot (bottom) shows the overall effect of healthy and BMS patients on pain inten-

sity and unpleasantness as AUC.*p<0.05.  
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vs PM comparison, there were no significant differences in between groups (figure 5).  

Pressure testing in BMS versus healthy participants 

In the Total comparison, BMS patients had no significant differences in PPTs 

compared to healthy participants (figure 6). In the AM vs PM comparison, BMS patients 

had significantly lower PPTs of the masseter in the afternoon by 0.34kg (W=79, 

p=0.0413) (figure 7). There were no significant differences in PPT AM comparison, PM 

comparison between groups. 

Discussion 

Figure 6: Total comparison of pressure pain thresholds for face (top) and extremity 

(bottom) of BMS patients and healthy participants. 
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In this study, we investigated whether sensory sensitivity was affected by time of 

day and thus the presence of ongoing pain in BMS type I patients and healthy subjects in 

the face and arm. Our overall hypothesis that compared to healthy participants, BMS type 

I patients have higher pain sensitivity, specific to the orofacial regions and in the after-

noon, was partially supported. Our main findings showed that time of the day, particular-

ly the afternoon, has a significant effect on the pain sensitivity quantified by pain diaries 

and tested by experimental thermal and pressure pain. This is the first study to compare 

morning to afternoon QST pain measures in BMS patients compared to healthy subjects. 

BMS type I is characterized as a burning sensation that is not present upon wak-

ing, but which develops in the late morning and progresses during the waking hours, with 

the greatest intensity of discomfort in the evening (Abetz & Savage, 2009). Our findings 

Figure 7: Morning versus afternoon pressure pain thresholds comparisons for face 

(top) and extremity (bottom) of BMS patients and healthy participants.*p<0.05.  
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showed that BMS pain diary ratings became significantly higher as the day progressed, 

and the ratings were mostly consistent for each participant across the 8 days of testing. 

This confirmed the pattern of ongoing pain in BMS type I, i.e., higher pain ratings in the 

afternoon compared to morning and that pain sensation is present every day (Abetz & 

Savage, 2009; Lamey, 1996). We also expected that as the day progresses BMS patients 

would have increased orofacial pain and pain sensitivity to other stimuli such as pressure. 

This was supported by our finding showing that BMS participants are more sensitive to 

pressure applied to the masseter muscle in the afternoon by 0.34kg. We did not find dif-

ferences between BMS patients and controls in face thresholds assessed by temporalis 

muscle PPT, WDT, CDT, and PDT in morning and afternoon comparisons. Even though 

the lack of differences could simply be due to our low sample size, Mo et al. found no 

differences in PPTs of the hand, tongue, chin, or lip between groups with a comparable 

sample size of 25 BMS and 19 healthy participants (Mo et al. 2015).  Thus, enhanced 

orofacial pain sensitivity in BMS patients may be dependent on specific regions of the 

face. 

Mechanical pain sensitivity at the forearm of BMS patients with long disease du-

ration (>6 months) was reported to be higher than in healthy subjects, which suggests a 

mechanical gain of function related to disease duration in BMS (Watanabe et al. 2019). 

However, similar to our findings Watanabe et al, did not find differences in pressure pain 

thresholds of the forearm. Therefore, a possible interpretation for our findings showing 

the lack of thumbnail and elbow PPT differences may be that BMS does not affect pain 

evoked by pressure but instead affects mechanical sensitivity of the extremities. Alt-

hough, another study showed that out of 30 BMS patients, 2 of them had significant loss 
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of pressure stimuli sensation to the tongue compared to 18 healthy participants (Yang et 

al. 2019).  Although Yang et al only focused on the orofacial region, their findings sug-

gest that there is pressure afferent variability in the BMS population which is also sup-

ported by our large range in PPT results. Therefore, an alternative interpretation for our 

lack of findings could be that there is a spectrum of pressure pain sensitivity in BMS pa-

tients with some having enhanced pressure pain sensitivity on some body regions while 

others do not. 

 Central sensitization has been suggested as a potential mechanism for the 

presence of pain in other body regions of BMS patients (Cheung & Trudgill, 2015; 

Jaaskelainen & Woda, 2017; Lee et al, 2019). Our findings showed that BMS patients 

have higher pain ratings to noxious thermal stimulation and decreased cold detection 

threshold at the forearm relative to healthy participants. Therefore, we could suggest that 

BMS affects the central nervous system, which can lead to hyperalgesia and poorer cold 

detection in other body regions. In addition to the lower warmth detection threshold on 

the face in the Total comparison, BMS patients also display higher forearm pain 

sensitivity than controls to low temperatures in the afternoon when compared to morning. 

This hyposensitivity to cold and warm temperature on the forearm may be due to 

hypervigilance to their BMS pain as opposed to experimentally evoked thermal 

stimulation, phenomenon previously observed in other chronic pain conditions (Hollins et 

al, 2009; McDermid et al, 1996). Hypervigilance is as an enhanced state of sensory 

sensitivity accompanied by an exaggerated scan or search for threatening information, 

which may in turn exacerbate the pain experience (Richards et al, 2014; Wermes et al, 

2018). Thus, as pain increases in the day, BMS patients may develop a pain-specific 



 

40 

 

“hypervigilance” to their orofacial pain as a result of continual effort to detect painful 

sensations of the orofacial region even in the presence of non-painful cold and warm 

stimulation on the body. In essence, it can be interpreted that their hypervigilance to the 

onset of BMS related pain distracts them from the experimentally evoked thermal 

perception which reflects in lower sensitivity to external innocuous stimuli. 

We found some unexpected outcomes in BMS patients. WDT at the forearm was 

higher in BMS than in healthy participants; and, when the time of day was taken into ac-

count, BMS patients exhibited higher WDT in the morning. There were no overall differ-

ences in CDTs on the face between groups, regardless of time of the day. Prior literature 

on WDT and CDT is conflicting, including no differences in WDTs on body regions 

(Yang et al., 2019; Watanabe et al., 2019; Honda et al., 2019), lower CDTs on the tongue 

(Mo et al. 2015) and slightly higher intraoral CDTs in BMS compared to healthy partici-

pants (Yang et al. 2019).  It was also unexpected for us to report that heat pain thresholds 

tested on the face and forearm in BMS patients did not differ from those in healthy sub-

jects.  Even though lower (Watanabe et al., 2019) and higher (Honda et al., 2019) HPTs 

of the arm have been reported in BMS compared to healthy participants, other studies 

found no significant differences in pain thresholds of the oral region and arms in BMS 

patients (Grushka et al., 1987; Kaplan et al., 2011; Yang et al., 2019). Therefore, further 

research is necessary to fully address the contradictory findings in the BMS field and in-

vestigate potential mechanisms underlying individual differences between BMS type I 

patients. We interpret that contradictions in the field could be due to the lack of consider-

ation of the cyclicity of the BMS type I and suggest that incorporating morning and after-

noon comparisons can help reduce the variability in the field. 



 

41 

 

On the molecular level, a potential alternative explanation could involve a family 

of thermally activated ion channels called TRP. Our findings support two studies in 

which tongue biopsies of BMS patients had higher numbers of heat-pain sensitive recep-

tors TRPV1 positive fibers than healthy participants (Yilmaz, 2007; Borsani et al., 2014). 

Because our findings of both orofacial and forearm thermal sensitivity implicated warm 

and cold detection, TRP channels could be implicated in more than just heat-pain dys-

function in BMS. More specifically, warm sensitive receptors include TRPV3, TRPV4, 

and TRPM2 and cold sensitive receptors of the TRP family include TRPM8 (CMR1) and 

TRPA1 (Tan & McNaughton, 2016 & 2018; McKemy, 2018; Viana, 2002; McKemy et 

al., 2002). Therefore, a study that focuses on the TRPM2 (required for sensitivity to 

warm) and TRPM8 (essential for environmental cold) should be explored in order to de-

termine further mechanisms of BMS pathology (Tan & McNaughton, 2016 & 2018; Bau-

tista et al, 2007; McKemy, 2018; Viana, 2002; McKemy et al., 2002)     

Findings in the present study should be interpreted in light of some limitations. 

First, sample size was relatively small. However, in order to obtain a homogeneous 

sample, we excluded BMS patients with comorbidities, using opiates and under hormone 

replacement therapy, which drastically decreased the number of eligible patients. Second, 

we were limited by the types of tests we could perform in BMS patients. No intra-oral 

sensory testing was performed and we only performed the levels test on the arm in order 

to prevent triggering BMS discomfort to patients by applying suprathreshold stimuli to 

the face. Third, we did not have a direct measure to infer central sensitization in BMS 

patients. For instance, electroencephalography in order to obtain real-time brain signaling 

differences during orofacial thermal and heat pain exposure in morning and afternoon.  
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In conclusion, BMS type I patients have increased sensitivity to thermal and 

pressure stimuli in the afternoon in orofacial and forearm regions. In addition, warm and 

cold processing is impaired in these patients, which could suggest a distraction to external 

innocuous stimuli lead by a hypervigilance phenomenon towards BMS-related pain that 

results in the reduction of sensitivity to innocuous stimuli applied to the body. 

Subsequent studies should consider potential mechanisms underlying individual 

differences between BMS type I patients, and investigate the impact of pain and other 

sensory sensitivities in brain signaling in order to further understand BMS 

symptomatology.  
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Chapter 3: Structural brain volume differences in BMS 

Introduction 

Several neuroimaging studies have shown that the brain undergoes structural plas-

ticity in chronic pain conditions (Flor et al., 1997; Melzack et al., 2001; Jääskeläinen et 

al., 2001; Latremoliere & Woolf, 2009; Davis, 2011; Apkarian et al., 2011; Kuner & 

Flor, 2016; Mansour et al, 2014; Li, 2018; Kim & Kim, 2016). Fortunately, emerging da-

ta suggest that these brain changes can be reversible after successful pain treatment 

(Zhang et al, 2020; Kucyi & Davis, 2016; McCarberg & Peppin, 2019; Zaniboni et al, 

2018; Li et al, 2014). However, current knowledge about what structural changes may 

occur in the brain of a BMS sufferer is very limited.  

One way to measure grey matter volume (GMV) is to use voxel-based mor-

phometry (VBM). VBM is a technique used to quantify the amount of grey matter that 

exists in a voxel of an image obtained via MRI (May & Gaser, 2006; Winkler, 2010; Da-

vis & Moayedi, 2013; Baliki et al, 2011). Structural changes measured through VBM are 

potentially associated with change in cell size, growth of neurons, atrophy of neurons, 

growth of glia, or atrophy of glia (May & Gaser, 2006; Driemeyer et al., 2008). It has 

been previously shown that there was grey matter volume (GMV) loss in chronic orofa-

cial pain patients in regions associated with pain circuitry (Schmidt-Wilcke et al., 2010; 

Wilcox et al., 2015; Tang et al., 2020).   

With VBM, we can non-invasively investigate the brain volume differences be-

tween BMS and healthy participants. Our goal is to use a more stringent analysis toolbox 

called CAT12 to understand what structural differences are present in BMS sufferers. 

Following the VBM analysis, areas showing significantly different grey matter volume 
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(GMV) can then be used as seed regions in a resting state functional connectivity anal-

yses and in pain task analyses in the subsequent chapters.  

Therefore, for our cross-sectional study, we hypothesized that there would be low-

er grey matter volume in nociceptive pathways associated with noxious heat mediation 

such as the anterior cingulate, insula, SII, and thalamus in BMS compared to healthy 

participants. 

Methods 

Participants 

Overview of data collection 

All research procedures were granted approval by the Institutional Review Board 

of the University of Maryland, Baltimore. Participants were asked to complete an fMRI 

scan in the afternoon.  

Recruitment criteria 

BMS patients were recruited following diagnosis at the Oral Medicine Program at 

the University of Maryland School of Dentistry (led by Dr. Timothy Meiller), where 

complete dental and oral health examinations were performed. A working diagnosis of 

BMS was based on a chief complaint of pain or burning in the oral mucosa and/or tongue 

and exclusion of other known causes of oral burning‐like pain. If BMS patients were tak-

ing topical medications or in the transition of weaning off a systemic medication, to start 

a new one, we asked them to come in when they had completely weaned off of the medi-

cations and would test them prior to their transition into a new medication regimen.  
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Additionally, all healthy controls were recruited through campus‐wide flyer ad-

vertisement and were free of any chronic pain conditions, psychiatric illness, local oral or 

systemic disease, and salivary dysfunction.  

Exclusion criteria for all studies: subjects unable or refusing to sign consent for 

any part of the testing; any chronic pain conditions; claustrophobia; pacemaker; weight 

over 300 lbs; daily regimen of opiates; excessive alcohol use as measured on the AUDIT 

(Saunders et al., 1993); on hormone replacement therapy within the last 30 days. For 

BMS cohorts, if participants were on a systemic medication regimen they were excluded.  

Enrollment  

Informed consent was obtained from each participant according to the Declaration 

of Helsinki. Altogether, we enrolled 51 total post- or peri- menopausal female partici-

pants of which 25 BMS patients and 26 healthy controls.  

The BMS group consisted of data from two separate studies: BMS group 1 (n=17) 

was enrolled in the current protocol; and BMS group 2 (n=8) was obtained from a previ-

ous BMS study (Khan et al, 2014).  

The healthy control group consisted of data from three separate studies: healthy 

control group 1 (n=5) was enrolled in the current protocol; healthy control group 2 (n=9) 

was enrolled in the previous BMS study (Khan et al, 2014); and healthy control group 3 

(n=12) was obtained from a concurrently run study in our laboratory.  

Note: of the enrolled participants data from 21 BMS patients and 28 healthy con-

trols are used for the structural analysis in this chapter (Table 5).  
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Functional MRI data acquisition 

Anatomical MRI scan: For BMS group 1, healthy group 1, and healthy group 3 

structural MRIs were acquired using a Siemens Tim-Trio 3T MRI scanner with 32 chan-

nel head coil. A high-resolution T1 MPRAGE anatomical scan was acquired with the fol-

lowing parameters: 2300ms repetition time (TR), 2.98ms echo time (TE), 1mm slice 

thickness, 256mm field of view (FOV), 9°flip angle, 1x1x1mm voxel size, duration 5 

minutes. 

For BMS group 2 and healthy group 2 structural MRIs were acquired also from acquired 

from Siemens Tim-Trio 3T MRI scanner but with a 12 channel head coil. A high-

resolution T1 MPRAGE anatomical scan was acquired with the following parameters: 

2300ms repetition time (TR), 2.91ms echo time (TE), 1mm slice thickness, 256mm field 

of view (FOV), 9°flip angle, 1x1x1mm voxel size, duration 5 minutes. 

Analyses 

Volume-Based Morphometry (VBM) analyses: VBM data preprocessing was per-

formed with the CAT12.1 toolbox (version r1278 from 2018-02-1) implemented through 

SPM12 (Statistical Parametric Mapping; Welcome Department of Cognitive Neurology, 

Table 5: number of participants in each group 
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London, UK) to study voxel‐wise grey matter volume (GMV) between BMS patients and 

control participants (Gaser et al., in Review).  First, origin was manually set to the anteri-

or commissure of the brain. Images were then preprocessed, which included a very light 

regularization (0.0001) and a bias correction (60-mm cutoff), and tissue was classified (as 

detailed below) and registered using linear (12-parameter affine) and non-linear trans-

formations (Warping & Markov Random Field), within a unified model. For the segmen-

tation, anatomical images were spatially normalized to template space and segmented in-

to grey matter (GM), white matter (WM), and cerebrospinal fluid (CSF), and smoothed 

with an 8‐mm Gaussian kernel. GM registration was manually inspected to ensure correct 

segmentation. To correct for different brain sizes total intracranial volume (TIV) was es-

timated for all modulated normalized GM, WM, and CSF segments.  

For statistical analysis with SPM12, we ran an independent samples t-test on modu-

lated normalized GM images with two groups BMS vs Control and TIV as a covariate. 

The covariate was centered on the overall mean and no interaction was set up. A propor-

tional global normalization, based on the whole brain volume, an absolute masking with 

threshold of 0.2, as well as an explicit mask of grey matter (smoothed grey matter tem-

plate of SPM12) was used to exclude areas with very low probability of being GM. We 

compared the GMV between groups. The cluster-forming threshold was set to an uncor-

rected P-value < 0.001, FDR corrected at p<0.05 for multiple comparisons at the cluster 

level. Each cluster for each contrast was set as a region of interest (ROI), and the GMV 

and overlaid onto an MNI brain template for visualization. 

VBM results  
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BMS patients had higher grey matter volume than healthy participants in two regions: a 

midbrain region containing the parabrachial nucleus (PBN), and the inferior temporal gy-

rus (ITG). BMS patients had lower grey matter volume than healthy participants in the 

left dorsolateral prefrontal cortex (DLPFC). Figure 8 shows in red the between-group 

contrast of brain regions with higher grey matter volume in BMS and in blue brain re-

gions with lower grey matter volume when compared to healthy participants with signifi-

cant clusters in green (t1, 31=3.37, p<0.001). See table 6 for specific statistical results. 

Discussion 

We predicted that the BMS group would have lower grey matter volume in regions 

associated with pain circuitry. BMS patients had lower GMV in the left dorsolateral pre-

frontal cortex, a higher-order cognitive region associated with memory, self-awareness, 

affect regulation, and decision making (Siddiqui et al., 2008). The left DLPFC in particu-

Figure 8: Contrast of grey matter volume of BMS patients compared to healthy par-

ticipants. BMS>Healthy in orange and BMS<Healthy in purple (both t46=2.41, 

p<0.01). Significant clusters are in yellow (t46=3.28, p<0.001). qFDR<0.05 at the 

cluster level, with voxel level cluster-forming threshold p<0.001 for all clusters 

shown. 
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lar is shown in many studies to be associated with chronic pain (Lorenz et al., 2003; 

Freund et al., 2009; Seminowicz & Moayedi, 2017). A particular technique called repeti-

tive transcranial magnetic stimulation (rTMS) has previously been shown to induce anal-

gesia in acute and chronic pain patients (Fierro et al, 2010; Lefaucheur et al, 2014; 

Umezaki et al, 2016; Moisset et al, 2016; Nardone et al, 2017; De Martino et al, 2019; 

Seminowicz et al, 2018). More specifically, Umezaki et al showed significant BMS pain 

improvements in 12 BMS patients given high frequency rTMS over the left DLPFC 

(Umezaki et al, 2016). Our structural finding supports the left DLPFC as a good thera-

peutic target for treatment. We will explore central mechanisms of BMS and the in-

volvement of the DLPFC during pain exposure in chapter 5. 

However, our findings were not consistent with our previous work where 26 BMS 

patients had lower GMV in bilateral ventral medial prefrontal cortex (mPFC) compared 

to 27 healthy participants (Tan et al, 2019). The vmPFC is an area associated with deci-

sion making, short term memory, working memory, social cognition, and executive con-

Table 6: Voxel Based Morphometry results. Higher/Lower brain volume peaks in 

the significant clusters at whole-brain threshold P<0.05 (False discovery rate (FDR) 

- corrected), using a cluster defining threshold P<0.001 (uncorrected) for both con-

trasts.  Anatomical labeling corresponds to the peak MNI coordinate. 
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trol (Bechara et al, 1994; Ridderinkhof et al., 2004; Seamans et al., 1995) and in a subset 

of our current sample, we reported that 9 BMS patients had lower GMV in the mPFC 

than matched healthy controls (Khan et al., 2014). We also reported higher GMV in the 

hippocampus an area known for long-term memory, spatial navigation, and learning 

(Strange et al, 2014; Opitz, 2014; O’Keefe, 1990; Moser & Moser 1998). However, our 

current analysis did not find mPFC GMV differences, although the uncorrected T-Maps 

indicate effects in the same direction as in Khan et al for both regions. 

 Additionally, we found higher GMV in the ITG which is involved in in language, 

semantic memory processing, visual perception, and multimodal sensory integration 

(Straube et al, 2011; Willens et al, 2007, 2009; Zhao et al, 2018). This was inconsistent 

with the Wang et al findings that the ITG had lower GMV and this decrease was correlat-

ed with higher pain intensity and longer disease duration in classic trigeminal neuralgia 

(Wang et al, 2017). It could be interpreted that perhaps the ITG is also involved in BMS 

pain perception but differently than in trigeminal neuralgia as suggested by the opposing 

results. Therefore, we will further investigate the potential involvement of the ITG in the 

evoked pain experience of BMS patients in chapter 5. 

We also found that BMS had higher GMV in the PBN a site that relays taste and 

temperature information to the forebrain (Scott & Small, 2009; Palmiter, 2018; Nakamu-

ra, 2018). In animal pain models, the PBN has been shown to be involved in neuropathic 

pain, noxious pain processing, and neuroendocrine adaptations to noxious events 

(Chiang, et al, 2019; Asano et al, 2019; Huang et al, 2019; Uddin et al., 2018; Kato et al, 

2018; Willis & Westlund, 1997; Bester et al., 1995). More specifically, Bester et al have 

shown through electrophysiology that the PBN plays a role in noxious pain processing 
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via the relay of information between the trigeminal nucleus, PBN, and hypothalamus also 

known as the trigemino-parabrachial-hypothalamic pathway (Bester et al., 1995). Moreo-

ver, using fMRI Stroman et al also showed increased activation of both the parabrachial 

nucleus and hypothalamus during noxious heat pain stimulation in humans related to pain 

ratings (Stroman et al., 2018). Therefore, GMV increase in the PBN of BMS patients 

could explain BMS pathology. Thus, we will follow up on functional connectivity differ-

ences in the parabrachial nucleus, and the hypothalamus in Chapter 4, 5, and 6.  
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Chapter 4: BMS resting state functional connectivity 

Introduction 

Several neuroimaging studies have shown that the brain undergoes functional 

plasticity in chronic pain conditions (Flor et al., 1997; Melzack et al., 2001; Jääskeläinen 

et al., 2001; Latremoliere & Woolf, 2009; Davis, 2011; Apkarian et al., 2011; Kuner & 

Flor, 2016). Fortunately, emerging data suggest that these brain changes can be reversible 

after successful pain treatment (Zhang et al, 2020; Kucyi & Davis, 2016; McCarberg & 

Peppin, 2019; Zaniboni et al, 2018; Li et al, 2014). However, current knowledge about 

what functional changes may occur in the brain of a BMS sufferer is very limited, with 

only about 10 studies having reported on structural or functional MRI in BMS (Costa et 

al, 2007; Kohashi et al, 2020; Tan et al, 2019; Lee et al, 2019; Wada et al, 2017; Sinding 

et al, 2016; Khan et al, 2014; Shinozaki et al, 2016; Yoshino et al, 2017; Albuquerque et 

al, 2006). Out of the 10 studies: only 2 analyzed resting state connectivity, 3 studied brain 

activations during a thermal pain task, 1 studied brain activations during pressure stimu-

lation task, and 5 also studied structural differences in BMS. 

With fMRI, we can non-invasively investigate how the synchronized neuronal ac-

tivity of two or more brain regions, called functional connectivity, is affected in BMS. 

With functional connectivity we can make statements about the relationships among 

brain regions (Fukunaga et al., 2008; Liu, 2013; Gay et al, 2014; Lindquist, 2015 & 2015; 

Tak et al., 2015). High connectivity would indicate a high interaction between regions, 

while low connectivity would represent a low interaction between regions (Lindquist, 

2015).Areas showing significantly different grey matter volume (GMV) could plausibly 

be aberrant in function, and thus these areas can be used as seed regions in resting state 
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functional connectivity analyses (Hubbard et al, 2014; Khan et al, 2014). The assumption 

is that BMS patients undergo maladaptive plasticity due to their chronic pain; therefore, 

at rest the brain of BMS patients will have functional differences when compared to 

healthy participants. The only two previous resting state connectivity studies have shown 

significantly higher connectivity in BMS patients when compared to healthy participants 

in areas such as: the medial prefrontal cortex with the hippocampus (Khan et al, 2014), 

and the postcentral gyrus with the bilateral amygdala (Tan et al, 2019). 

Additionally, although BMS mechanisms are unclear, symptoms such as low sali-

vary flow, stress related symptom aggravation, and onset during post-menopause impli-

cate dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis (Grushka, 1987; 

Bergdahl & Bergdahl, 2007; Rivinius, 2009; Dahiya et al., 2013; Woda & Gremeau-

Richard, 2009; Frutos et al., 2002; Abetz & Savage, 2009). As part of the HPA axis, the 

hypothalamus is the integration center for the autonomic nervous system, endocrine sys-

tem, and limbic system for homeostatic control. Among its many nuclei are: the medial 

hypothalamus, involved in salivary secretion, neuroendocrine control, and satiety and the 

lateral hypothalamus, involved in appetite, wakefulness, and CNS-mediated thermoregu-

lation (Kanosue et al., 1990; Graebner et al., 2015; Kuwaki, 2015; Baroncini, 2011; 

Kullmann, 2014). 

We hypothesized that BMS individuals would have higher resting state functional 

connectivity of the DLPFC, PBN, ITG, and hypothalamus to regions involved in pain 

processing such as the cingulate cortex, periaqueductal grey, S1, insula and thalamic 

nuclei.  

Methods 
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Overview of data collection 

See chapter 3 for details. As explained in chapter 3 data consisted of 3 separate 

studies to yield a total of 51 post- or peri- menopausal female participants of which the 

data of 22 BMS patients and 23 healthy controls were used for the resting state analysis 

(Table 7).  

Functional MRI data acquisition 

Anatomical MRI scan: See chapter 3 for details. 

Resting state functional MRI scans: The parameters of the resting state scans of 

current 2nd BMS cohort and borrowed MBSR cohort consisted of 2000ms  repetition 

time (TR), 28ms echo time (TE), 4mm slice thickness, 220mm field of view (FOV), 

77°flip angle, 3.4×3.4×4.0mm voxel sixe. In addition the parameters of the resting state 

of the 1st BMS cohort consisted of 2000ms  repetition time (TR), 28ms echo time (TE), 

4mm slice thickness, 220mm field of view (FOV), 77°flip angle, 3.4×3.4×4.0mm voxel 

sixe with a total 10 minute scan duration. In addition the parameters of the resting state of 

the 1st BMS cohort consisted of 2500ms repetition time (TR), 30ms echo time (TE), 

4mm slice thickness, 230mm field of view (FOV), 90°flip angle, 1.8×1.8×4.0mm voxel 

sixe with a total 8 minute scan duration. 

Table 7: number of participants in each group 
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For all scans participants were told to keep their eyes open and stare at a plus sign 

presented on the screen in front of them for the duration of the scan.  

The parameters of the resting state scans of current BMS group 1, healthy group 

1, and healthy group 3 consisted of 2000ms TR, 28ms TE, 4mm slice thickness, 220mm 

FOV, 77°flip angle, 3.4×3.4×4.0mm voxel size. In addition the parameters of the resting 

state of the 1st BMS cohort consisted of 2000ms TR, 28ms TE, 4mm slice thickness, 

220mm FOV, 77°flip angle, 3.4×3.4×4.0mm voxel sixe with a total 10 minute scan 

duration. In addition the parameters of the resting state of the BMS group 2 and healthy 

group 2 consisted of 2500ms TR, 30ms TE, 4mm slice thickness, 230mm FOV, 90°flip 

angle, 1.8×1.8×4.0mm voxel sixe with a total 8 minute scan duration. 

For all scans participants were told to keep their eyes open and stare at a plus sign 

presented on the screen in front of them for the duration of the scan.  

Analyses 

Resting state functional connectivity analyses:  we used standard preprocessing 

procedures using default settings in SPM12 including: slice timing correction; motion 

correction; co-registration of the anatomical image to the mean functional image; seg-

mentation of the anatomical image, cerebrospinal fluid, white matter, and grey matter; 

normalization to standard MNI brain template; and smoothing with an 8-mm Gaussian 

kernel.  

Seed regions were created from significant clusters in the VBM analyses from 

Chapter 3 and from hypothalamus regions using Marsbar (Brett et al., 2002). We extract-

ed the full cluster image of the DLPFC (peak MNI coordinates -26 42 20), ITG (69 -56 -

9), PBN (8 -32 -33) and 2-mm-radius spheres around the peak voxels for seeds for bilat-
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eral medial (±4 -2 -12) and lateral hypothalamus (±6 -9 -10) (Baroncini, 2011; Kullmann, 

2014). Preprocessed, smoothed, and normalize functional data (as in chapter 3) was then 

analyzed in the open source Functional Connectivity toolbox (CONN) (version v.17.f) 

(Whitfield-Gabrieli & Nieto-Castanon, 2012). White matter, CSF, and motion parameters 

were included as within‐subject first‐level covariates. The BOLD signal was band pass 

filtered at a frequency window of 0.009–0.08 Hz to remove linear drifts and high fre-

quency noise from the data. The mean BOLD signal time course of each ROI seed was 

extracted and correlated with the time course for voxels across the whole brain in a first-

level seed-based analysis, using bivariate correlations. Functional connectivity maps gen-

erated by CONN represented as Z-values converted to normally distributed scores after a 

Fisher transformation were extracted.  

Second-level group analysis of the extracted Z maps to compare differences in 

connectivity between BMS and healthy participants was performed in SPM12 using a 

whole-brain general linear model, random effects approach. We used independent sample 

t-tests to compare healthy vs BMS connectivity during rest for each seed region. The 

cluster-forming threshold was set to an uncorrected P-value < 0.001, FDR corrected at 

p<0.05 for multiple comparisons at the cluster level (Woo et al, 2014; Eklund et al., 

2016).  

Results 

DLPFC: 

There were no differences in DLPFC connectivity at qFDR p<0.05 between groups. 

PBN:  
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BMS patients had significantly lower connectivity of PBN with the left anterior prefron-

tal cortex, right DLPFC, and left S1 compared to healthy participants at qFDR p<0.05. 

(Figure 9). See table 8 for specific details.  

LH: 

BMS patients had significantly lower connectivity of right LH with the bilateral DLPFC, 

left middle temporal gyrus (MTG), and right fusiform gyrus compared to healthy partici-

pants at qFDR p<0.05 (Figure 10). There were no differences in left LH connectivity at 

qFDR p<0.05 between groups. 

MH:  

BMS patients had significantly lower connectivity of right MH with the left DLPFC, 

right premotor cortex compared to healthy participants at qFDR p<0.05 (Figure 11). 

There were no differences in left MH connectivity at qFDR p<0.05 between groups. 

ITG: 

Figure 9: Resting state connectivity of PBN in BMS < Healthy. BMS<Healthy sig-

nificant clusters are in purple (t43= 3.29, qFDR p<0.05). Coordinates of the areas are 

given in MNI space.  
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There were no differences in ITG connectivity at qFDR p<0.05 between groups. 

Discussion 

Our hypothesis that BMS individuals would have higher resting state functional 

connectivity between the DLPFC, PBN, ITG, and hypothalamus to regions involved in 

pain processing such as the cingulate cortex, periaqueductal grey, S1, insula and thalamic 

nuclei was not supported. Instead we found that BMS individuals had lower resting state 

functional connectivity between the seed regions and multiple regions associated with 

somatosensation and cognitive processing.  

Our lack of differences in ITG resting state connectivity could mean that the ITG 

is not involved in the salient experience of pain as experienced by BMS patients. 

However, we will explore the involvement of the ITG in the evoked pain experience in 

chapter 5. 

Figure 10: Resting state connectivity of right LH in BMS < Healthy. 

BMS<Healthy significant clusters are in purple (t43= 3.29, qFDR p<0.05). Coor-

dinates of the areas are given in MNI space.  
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As mentioned earlier, the medial hypothalamus (MH) is involved in 

neuroendocrine control, salivary secretion, and satiety (Kanosue et al., 1990; Graebner et 

al., 2015; Baroncini, 2011; Kullmann, 2014).We found that in BMS patients the right MH 

had significantly lower resting state connectivity with the left DLPFC and right premotor 

cortex than healthy participants. Anatomically, the hypothalamus sends and receives 

projections with the prefrontal cortex, including the DLPFC associated with cognitive 

processing such as attention (Ongür, et al, 1998; Siddiqui et al., 2008). The 

hypothalamus involvement in the flight or fight stress response suggests that this 

disrupted interaction between the MH and DLPFC is associated with an aberrant stress 

response in BMS (Russell & Lightman, 2019; Janse et al, 1995; Hänsel & von Känel, 

2008). Because of the involvement of the prefrontal cortex with sympathetic processing 

of stress we could further interpret this disrupted interaction to be associated with a 

hypervigilant state in BMS patients when it pertains to their BMS pain (Janse et al, 1995; 

Figure 11: Resting state connectivity of right MH in BMS < Healthy. 

BMS<Healthy significant clusters are in purple (t43= 3.29, qFDR p<0.05). 

Coordinates of the areas are given in MNI space.  
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Hänsel & von Känel, 2008). Therefore, we will follow discuss the involvement of anxiety 

in resting state connectivity in BMS patients in chapter 6.  

The lateral hypothalamus (LH) regulates body temperature, digestive functions, 

blood pressure (Nakamura, 2011; Morrison, 2016; Bonnavion et al, 2016). It is also 

associated with pain and orofacial pain perception (Shafiei et al., 2018; Matini et al, 

2020; Haghparast et al, 2020). More specifically, the LH is involved in decreasing 

orofacial pain in rats when dopaminergic receptors are inhibited (Shafiei et al., 2018). 

Because in humans, a decline in endogenous dopamine levels has been reported in a PET 

study of 10 burning mouth patients when compared to 11 healthy participants, the LH 

Table 8: Seed to voxel resting state connectivity results. Higher/Lower resting state 

connectivity peaks in the significant clusters at whole-brain threshold P<0.05 (False 

discovery rate (FDR) - corrected), using a cluster defining threshold P<0.001 (un-

corrected) for both contrasts.  Anatomical labeling corresponds to the peak MNI co-

ordinate. 
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could be a potential treatment target in BMS (Hagelberg et al., 2003). In addition, we 

found that in BMS patients the right LH had significantly lower resting state connectivity 

to the bilateral DLPFC than healthy participants. The DLPFC, as mentioned in chapter 3, 

is an area associated with self-awareness and switching attention which we could 

interpret would enhance the orofacial pain symptoms experienced in BMS (Siddiqui et 

al., 2008).  

The PBN also resulted in lower connectivity with the DLPFC but on the right 

side. This starts to highlight the DLPFC’s involvement in BMS might be more than pre-

viously expected. As explained in chapter 3 typically, taste and painful somatosensory 

sensations from the face are modulated by the connection of the parabrachial nucleus 

(Chiang, et al, 2019; Asano et al, 2019; Huang et al, 2019; Uddin et al., 2018; Kato et al, 

2018; Willis & Westlund, 1997; Bester et al., 1995; Palmiter, 2018; Nakamura, 2018; 

Stroman et al., 2018).  

We also found that the PBN had lower connectivity with the left side of the pri-

mary somatosensory area (S1). Anatomically, the PBN relays this information onto the 

VPM thalamus, which then projects to the primary somatosensory cortex (Yahiro et al, 

2017; Palmiter, 2018). The primary somatosensory area is somatotopically organized 

(Lin et al, 2010) and is thought to depict awareness of body regions (Harding-Forrester & 

Feldman, 2018; Brecht 2017) including the orofacial region (Lin et al, 2010; Miyamoto et 

al, 2006; Nguyen et al, 2004; Tamura et al, 2008) and most specifically the tongue (Rot-

tler et al, 2014). The S1’s relationship with the DLPFC which plays an important role in 

self-awareness and pain (Siddiqui et al., 2008; Lorenz et al., 2003; Freund et al., 2009; 

Seminowicz & Moayedi, 2017) along with its role in pain perception (Kim, W et al, 
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2017; Kim, J et al, 2019; Vierck et al, 2013; Wang et al, 2019; Jin et al, 2018) could ex-

plain the specificity in BMS burning pain symptoms. More specifically, it can be inter-

preted that the PBN’s interaction with the S1 and DLPFC explain the BMS specificity to 

only the intraoral region, as opposed to other chronic pain conditions such as fibromyal-

gia in which the pain is presented in the entire body.  

The decreased GMV of left DLPFC and increased GMV of PBN reported in 

chapter 3, along with the disrupted connectivity of the right LH, right MH, and PBN with 

S1 DLPFC could explain the maintenance of the burning pain symptom of BMS poten-

tially via an anticipatory state of thermal stimuli (both pain-specific and non-pain specif-

ic) as explained in chapter 2 (Figure 12). Given that anticipation is a component of anxie-

ty (Grupe et al, 2013; Alder et al, 2018; Geng et al, 2018) and that BMS patients tend to 

have higher levels of anxiety when compared to their healthy counterparts (Galli, 2017), 

Figure 12: Summary of resting state pathways potentially involved in BMS. Dotted 

lines represent low connectivity between regions as found in BMS patients. Solid lines 

represent high connectivity between regions as found in healthy participants. 

Created with BioRender.com 
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it is possible that connectivity with the DLPFC and S1 is related to anxiety. We will test 

this interpretation in chapter 6. 
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Chapter 5: Brain processing of heat pain in BMS  

Introduction  

Burning mouth syndrome is an unusual neuropathic pain condition characterized 

by burning pain in the oral mucosa (Grushka, 1987; Lipton et al., 1993; Bergdahl & 

Bergdahl, 2007; Albuquerque et al. 2006; Rivinius, 2009; Dahiya et al. 2013). The 

mandibular branch of the trigeminal nerve is the site that would directly affect the 

mucous membrane of the mouth and the tip and anterior two-thirds of the tongue (Nagler 

et al., 2004; Benninger et al., 2013; Dahiya et al., 2013; Aravindhan et al., 2014; Van der 

Cruyssen & Politis, 2018). Sensory afferents from the mandibular branch transmit 

thermal and nociceptive signals to the spinal trigeminal nucleus and second order neurons 

relay the signal to the ventroposteromedial (VPM) thalamus (Bushnell et al., 1993; 

Sakamoto, K. et al 2008). Because pain symptoms are found distinctly at the orofacial 

region, previous studies focused on peripheral sensory testing (Mo et al, 2015; Watanabe 

et al, 2018; Yang et al. 2019). This focus to the orofacial region of BMS symptoms has 

lead the field to assume that pain and temperature sensory afferents of the rest of body are 

left intact. In contrast to orofacial pain signaling, sensory afferents from the upper 

extremities such as the forearms transmit nociceptive and thermal signals to the cervical 

segments C5 and C6 of the spinal cord where second order neurons project to the 

ventroposterolateral thalamus (VPL) (Besleaga et al., 2010; Al-Chalabi&Gupta, 2019).  

In this chapter we examined connectivity of the following regions during forearm 

heat pain exposure: dorsolateral prefrontal cortex (DLPFC), parabrachial nucleus (PBN), 

inferior temporal gyrus (ITG) (which had structural changes in Chapter 3), and the 

bilateral medial and lateral hypothalamus (regions used in Chapter 4). 
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 We hypothesized that BMS individuals would have higher brain functional 

connectivity between the DLPFC, PBN, ITG, and hypothalamus to regions involved in 

pain processing such as the cingulate cortex, periaqueductal grey, S1, insula and 

thalamic nuclei during thermal pain exposure to the forearm.  

Methods 

Overview of data collection 

See chapter 3 for details. As explained in chapter 3 data consisted of 3 separate 

studies to yield a total of 51 post- or peri- menopausal female participants of which the 

data of 24 BMS patients and 27 healthy controls were used for this evoked pain analysis 

(Table 9). 

Functional MRI data acquisition 

Anatomical MRI scan: See chapter 3 for details. 

Heat pain testing: Two heat pain scan sessions were performed using echo planar 

imaging (EPI), 2500ms repetition time (TR), 30ms echo time (TE), 3mm slice thickness, 

230mm field of view (FOV), 90°flip angle, 3.0×3.0×3.0mm voxel size. 

Table 9: number of participants in each group 
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To evoke pain, we used an MRI-compatible MEDOC PATHWAY CHEPS model 

thermal stimulator (Pain & Sensory Evaluation System, Medoc; Ramat Yishai, Israel). 

The thermode was placed on the left forearm, and stayed on the participant’s forearm for 

the duration of the entire MRI session, but only turned on during the pain sensory testing 

portion of the scan. During that time participants experienced a series of five blocks con-

sisting of two types of stimuli applied in sequential order after baseline temperature of 

32°C: 1. a warm temperature stimulus of 28 second duration with a ramp rate time of 2 

seconds, 2. followed by a heat pain stimulus (rated ~6 in numerical rating scale, deter-

mined prior to the scan using the levels tests explained in chapter 2, the temperature rat-

ed at a 6 in pain intensity was chosen and verified in the scanner for use during the heat 

pain MRI scan session.) with a series of 1 second ramp times and 4 second durations be-

tween each for a total of 28 seconds of duration (figure 13). Note: For BMS group 2 and 

healthy group 2 only one pain session was collected and analyzed.  

Lastly, at the end of the five blocks of stimuli, participants were asked to rate their 

average peak forearm pain intensity using the 0 to 10 numerical rating scale, 10 being the 

worst pain imaginable. BMS participants were asked to also rate their BMS oral pain in-

tensity using the 0 to 10 numerical rating scale, 10 being the worst pain imaginable.  

Analysis 

Pain connectivity: To analyze between subject variability of brain functional con-

nectivity during forearm pain exposure, we used the same standard preprocessing proce-

dures as in chapter 4.  
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Seed regions were created and extracted from significant clusters in the VBM 

analyses from Chapter 3 and from hypothalamus regions as described in Chapter 4 using 

Marsbar (Brett et al., 2002). First level analyses were followed as in chapter 4 incorporat-

ing each portion of the task as a condition: warm onset, warm, pain onset, pain, and pain 

offset. This resulted in Fisher transformed Z maps for each of the 5 conditions per seed.  

Second-level group analysis of the extracted Z maps to compare differences in 

connectivity between BMS and healthy participants was performed in SPM12 using a 

Figure 13: Heat pain paradigm. Thermal stimulation sequence for 1 block out of 5 long 

blocks comprised of three main stimuli: baseline temperature, warm temperature, and 

pain temperature. Each block starts with a baseline, followed by warm onset, a long 

warm stimulus, pain onset, a long pain stimulus, pain offset, and finished by another long 

baseline stimulus. The warm stimulus was simply chosen to be 4°C lower than the pain 

stimulus and the baseline stimulus was always 32°C.  Pain stimulus is comprised of 5 

blocks 2°C in length to avoid sensitization of the forearm. Each onset and offset includ-

ing the blocks in the pain stimulus section is comprised of 1 second ramps.  
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whole-brain, random effects approach. We first used a paired t-test to compare connectiv-

ity during pain vs warm within groups. We also used independent t-tests to compare 

healthy vs BMS connectivity during warm onset, warm, pain onset, pain, and pain offset 

conditions separately. We also performed exploratory analyses at warm onset, pain onset, 

and pain offset between groups. The cluster-forming threshold was set to an uncorrected 

P-value < 0.001, FDR corrected at p<0.05 for multiple comparisons at the cluster level 

(Woo et al, 2014; Eklund et al., 2016).  

Results 

Warm Onset 

BMS patients had significantly higher connectivity of PBN with the left S1 com-

pared to healthy participants at qFDR p<0.05 (Figure 14). See table 10 for specific details 

BMS patients had significantly higher connectivity of the right MH with the pos-

Figure 14: PBN functional connectivity during warm onset in BMS > Healthy. 

BMS<Healthy significant clusters are in orange (t49=3.27, qFDR p<0.05).  
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terior cingulate cortex, left posterior insula, thalamus, right hippocampus, and left inferior 

temporal gyrus compared to healthy participants at qFDR p<0.05 (Figure 15 & Table 10).  

There were no differences in DLPFC, ITG, bilateral LH, or left MH connectivity 

at qFDR p<0.05 between groups. 

Warm 

BMS patients had significantly higher connectivity of the right LH with the left 

posterior insula compared to healthy participants at qFDR p<0.05 (Figure 16 & Table 

10). 

Table 10: Seed to voxel pain paradigm connectivity results. Higher/Lower connectivity 

peaks in the significant clusters at whole-brain threshold P<0.05 (False discovery rate 

(FDR) - corrected), using a cluster defining threshold P<0.001 (uncorrected) for both 

contrasts.  Anatomical labeling corresponds to the peak MNI coordinate. 
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Figure 16: LHR functional connectivity during warm in BMS > Healthy. 

BMS>Healthy significant clusters are in orange (t49=3.27, qFDR p<0.05).  

 

There were no differences in DLPFC, PBN, ITG, bilateral MH, or left LH con-

nectivity at qFDR p<0.05 between groups. 

Pain onset 

BMS patients had significantly lower connectivity of the DLPFC with the right 

cerebellum compared to healthy participants at qFDR p<0.05 (Figure 17 & Table 10). 

Figure 15: MHR functional connectivity during warm onset in BMS > Healthy. 

BMS<Healthy significant clusters are in orange (t49=3.27, qFDR p<0.05).  
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There were no differences in PBN, ITG, bilateral MH, or bilateral LH connectivi-

ty at qFDR p<0.05 between groups. 

Pain 

There were no differences in DLPFC, PBN, ITG, bilateral MH, or bilateral LH 

connectivity at qFDR p<0.05 between groups. 

Pain offset 

BMS patients had significantly lower connectivity of the PBN with the right cere-

bellum, posterior cingulate cortex, and lingual gyrus compared to healthy participants at 

qFDR p<0.05 (Figure 18 & Table 10). 

BMS patients had significantly lower connectivity of the right MH with the bilat-

eral supramarginal gyrus, and left cerebellum compared to healthy participants at qFDR 

p<0.05 (Figure 19 & Table 10). 

Figure 17: DLPFC functional connectivity during pain onset in BMS < Healthy. 

BMS<Healthy significant clusters are in purple (t49=3.27, qFDR p<0.05).  
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There were no differences in DLPFC, ITG, bilateral LH, or left MH connectivity 

at qFDR p<0.05 between groups. 

Pain vs Warm 

There were no significant differences within groups when comparing pain to 

warm connectivity of DLPFC, PBN, ITG, or bilateral MH and bilateral LH to the rest of 

the brain at qFDR p<0.05. 

Discussion 

We did not find any differences in functional connectivity during thermal pain 

exposure to the arm. Therefore, our hypothesis that BMS patients would have higher 

brain functional connectivity between the DLPFC, PBN, ITG, and hypothalamus to 

regions involved in pain processing such as the cingulate cortex, periaqueductal grey, S1, 

insula and thalamic nuclei during thermal pain exposure was not supported. This was not 

expected because we had chosen temperatures that our participants rated at a 6 in the 

Figure 18: PBN functional connectivity during pain offset in BMS < Healthy. 

BMS<Healthy significant clusters are in purple (t49=3.27, qFDR p<0.05).  
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NRS, thus the stimulus should have been sufficient to illicit pain-related brain 

connectivity (Lue et al, 2018; Lee et al, 2020; Morin & Bushnell, 2018). Therefore, these 

regions might not be associated with processing of acute thermal pain stimulation. 

This was also not consistent with Stroman et al’s finding in which increased acti-

vation of both the parabrachial nucleus and hypothalamus during noxious heat pain stim-

ulation in humans was related to pain ratings (Stroman et al., 2018). As noted in chapter 

3, Raver et al implicated the spino-parabrachio-amygdaloid pathway as important for 

pain activity regulation (Raver et al, 2020). Therefore, we expected BMS patients to 

show higher connectivity of the PBN during pain to regions involved in pain processing. 

However, we instead found higher functional connectivity with the S1 during warm on-

set. One interpretation could be that in BMS the S1 is associated in warm temperature 

processing. This is supported by Grundmann et al’s finding that transcranial stimulation 

of the S1 reduced C-fiber-mediated warm sensation in 12 healthy participants   (Grund-

mann et al, 2011). However, because we found no differences in PBN connectivity dur-

Figure 19: MHR functional connectivity during pain offset in BMS < Healthy. 

BMS<Healthy significant clusters are in purple (t49=3.27, qFDR p<0.05).  
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ing the warm section of our test, another interpretation could be that the S1 to PBN con-

nectivity is involved in attention and anticipation of warm thermal stimuli. The notion 

that the S1 could be involved in anticipation of tactile (van Ede et al, 2014) and electrical 

stimuli (Worthen et al, 2011) has been previously demonstrated. Our findings however 

suggest that this idea of S1’s involvement in anticipation is also applicable with thermal 

stimuli. 

Additionally, we found connectivity differences of the right MH during two sec-

tions of our test: warm onset and pain offset (Table 11). While during pain offset, BMS 

patients had lower connectivity to with the supramarginal gyrus and cerebellum when 

Table 11: summary of pain paradigm findings. Significant at FDR corrected p<0.05 

findings. Lower connectivity in purple and higher connectivity in orange. 
-
no signifi-

cant differences between groups. 
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compared to healthy participants. Here, it seems that the right MH to S1 connectivity is 

associated with pain relief. In contrast during warm onset, BMS patients showed higher 

connectivity to the posterior cingulate cortex, posterior insula, thalamus, hippocampus, 

and inferior temporal gyrus when compared to healthy participants. The posterior cingu-

late cortex is associated with motor control, cognitive control, and attention (Fan et al, 

2019; Caruana et al, 2018; Leech et al, 2014). It could be interpreted that the right MH to 

cingulate cortex connectivity is also associated with anticipation of warm thermal stimu-

lation. 

The DLPFC is an area associated with cognitive processing such as switching at-

tention (Siddiqui et al., 2008) and pain processing (Seminowicz & Moayedi, 2017; Davis 

& Moayedi, 2013; Weissman-Fogel et al, 2011; Youssef et al, 2014; Hubbard et al,2014; 

Čeko et al, 2015; Schmidt-Wilcke et al, 2014).  The left side of the DLPFC in particular 

is shown in many studies to be associated with chronic pain (Lorenz et al., 2003; Freund 

et al., 2009; Seminowicz & Moayedi, 2017). Here, we found that during pain onset BMS 

patients had lower connectivity of the DLPFC with the cerebellum, which is associated 

with motor control (Koziol, et al, 2014; Stoodley & Schmahmann, 2010) cognitive pro-

cessing (Buckner, 2013 Koziol, et al, 2014; Stoodley & Schmahmann, 2010; Schmah-

mann, 2019), as well as threat anticipation (Ploghaus et al, 1999; Moreno-Rius, 2019). It 

could be argued that the pain onset portion of our test is representative of anticipation of 

pain associated with the transition to the pain section of our test. These findings further 

support the use of rTMS stimulation of the DLPFC to bring about BMS pain relief, which 

has shown promising early results (Umezaki et al, 2016).  
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As previously mentioned, the lateral hypothalamus regulates body temperature, 

and  is associated with pain and orofacial pain perception (Nakamura, 2011; Morrison, 

2016; Bonnavion et al, 2016; Shafiei et al., 2018; Matini et al, 2020; Haghparast et al, 

2020). We found that higher connectivity of right lateral hypothalamus with left posterior 

insula during warm in BMS patients when compared to healthy participants could explain 

our findings from chapter 2. In animal studies, Tsumori et al showed that the lateral hy-

pothalamus and the insula are anatomically connected (Tsumori et al, 2006). More specif-

ically, the lateral hypothalamus receives glutamatergic excitatory inputs from insula 

(Tsumori et al, 2006). Gogolla argues that, many of the anatomical and functional fea-

tures of the insula are shared across rodents and humans (Gogolla, 2017). In humans, 

Gogolla notes that the insular cortex shows similarities with the rodent insula in neuronal 

signatures of interoception, and anticipation of negative outcomes (Gogolla, 2017). 

Therefore, we could interpret that the higher excitation of the insula could explain the 

time dependent higher warm detection thresholds in BMS when compared to healthy par-

ticipants. Since manipulation of the LH decreased orofacial pain in an animal study 

(Shafiei et al., 2018), this LH to insula connection should be further explored as an addi-

tional target for rTMS or other treatments to aid in decreasing orofacial pain in BMS pa-

tients. 
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Chapter 6: Effect of anxiety on BMS 

Introduction 

The majority of BMS individuals have higher than normal anxiety levels (Galli, 

2017) and treatments for BMS often target anxiety rather than the sensory aspects of the 

disorder (McMillan, 2016). Therefore, it has been difficult to determine whether brain 

changes associated with BMS could be related to anxiety.  

Anxiety-prone individuals have increased activation of the insula and amygdala 

during emotion processing (Stein, 2007; Shah, 2009). Additionally, trait-anxiety is asso-

ciated with increased connectivity between the amygdala and prefrontal cortex (Kim et 

al, 2016; Veer, 2012). Furthermore, as noted in chapter 4, pain-related anxiety has been 

associated with the anterior cingulate cortex (Bliss et al, 2016; Sellmeijer et al, 2018). 

Distinguishing sensory-related from anxiety-related effects on resting state connectivity 

would provide a more precise representation of BMS pathology. 

Thus, we propose a functional connectivity comparison between pain-free healthy 

participants who either had no anxiety or high anxiety, and high anxiety BMS patients. 

We hypothesize that high anxiety healthy participants will have higher resting state con-

nectivity between the DLPFC, PBN, ITG, and hypothalamus to regions associated with 

negative affect such as the amygdala and insula compared to no anxiety healthy partici-

pants. We further hypothesize that BMS patients will have higher functional connectivity 

between pain circuitry regions—such as S1, cingulate cortex, periaqueductal grey, and 

thalamus—compared to high-anxiety healthy participants. The proposed study will be the 

first to directly compare functional MRI measures between high anxiety healthy partici-

pants and BMS patients to isolate the effects BMS pathology independent of anxiety.  
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Methods 

Overview of data collection 

See chapter 3 for details. As explained in chapter 3 data consisted of 3 separate 

studies to yield a total of 51 post- or peri- menopausal female participants of which the 

data of 16 BMS patients and 22 healthy controls were used for the resting state analysis 

(Table 12). 

Functional MRI data acquisition 

Anatomical MRI scan: See chapter 3 for details. 

Resting state functional MRI scans: See chapter 4 for details.  

Anxiety assessment 

All participants completed the State-Trait Anxiety Inventory- Trait (STAI-t) scale, 

commonly used to measure trait and state anxiety (Spielberger, Gorsuch, Lushene, Vagg, 

& Jacobs, 1983). This questionnaire can be used in clinical settings to diagnose anxiety 

STAI-t has 20 statements that numerically ask to describe how they generally feel; the 

total score ranges from 20 to 80. More specifically, scores of 20-37 represent no or no 

anxiety, 38-44 moderate anxiety, and 45-80 high anxiety. For the current study, we com-

Table 12: number of participants in each group 
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bined moderate and high anxiety categories, so participants with STAI-t scores of 38 and 

above will be categorized in the high anxiety group and participants with scores 37 and 

below will be categorized in the no anxiety group (Table 13). The 12 healthy participants 

from the concurrent study were given the Generalized Anxiety Disorder scale (GAD) 

where 7 statements ask people to describe how they have felt over the last two weeks and 

total score ranges from a minimum to maximum score of 0 to 21; categorized into four 

severity groups: minimal (0-4), mild (5-9), moderate (10-14), serious (14-20). Partici-

pants with GAD score below 9 will be categorized in the no anxiety group and partici-

pants with scores 10 and above will be categorized in the anxiety group.  

Analyses 

Resting state functional connectivity analyses: To analyze between subject variabil-

ity of brain functional connectivity during rest, we used the same standard preprocessing 

procedures as in chapter 4.  

Seed regions were created from significant clusters in the VBM analyses from 

Chapter 3 and from hypothalamus regions as described in Chapter 4 using Marsbar (Brett 

et al., 2002). We extracted the full cluster image of the DLPFC (peak MNI coordinates -

Table 13: number of participants grouped in the high anxiety and low anxiety catego-

ry for each type of questionnaire. 
()
age average. 

±
standard deviation. 
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26 42 20), ITG (69 -56 -9), PBN (8 -32 -33) and 2-mm-radius spheres around the peak 

voxels for seeds for bilateral medial (±4 -2 -12) and lateral hypothalamus (±6 -9 -10) 

(Baroncini, 2011; Kullmann, 2014). Preprocessed, smoothed, and normalize functional 

data (as in chapter 3) was then analyzed in the open source Functional Connectivity 

toolbox (CONN) (version v.17.f) (Whitfield-Gabrieli & Nieto-Castanon, 2012). First-

level analyses were performed as in chapter 4. 

Second-level models of extracted Z maps were performed in SPM12 using a 

whole brain general linear model (GLM) approach, random effects analysis comparing 

connectivity with each seed region from the VBM analyses. First, we used an independ-

ent samples t-test to assess the differences in resting state whole brain connectivity be-

tween no-anxiety healthy participants and high-anxiety healthy participants. Second, we 

used an independent samples t-test to assess the differences in resting state whole brain 

connectivity between low-anxiety healthy and high-anxiety BMS participants. Third, we 

used an independent t-test to assess the differences in resting state whole brain connectiv-

ity between high-anxiety healthy and high-anxiety BMS participants. The cluster-forming 

threshold was set to an uncorrected P-value < 0.001, FDR corrected at p<0.05 for multi-

ple comparisons at the cluster level (Woo et al, 2014; Eklund et al., 2016). 

Results 

No anxiety healthy vs high anxiety healthy 

High anxiety healthy participants had significantly lower connectivity of PBN 

with the left inferior frontal gyrus compared to no anxiety healthy participants at qFDR 

p<0.05 (Figure 20). See table 14 for specific details. 
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Figure 20: Resting state connectivity of PBN in high anx healthy < no anx healthy. 

Significant clusters are in purple (t20=3.55, qFDR p<0.05).  

 

There were no differences in DLPFC, ITG, bilateral MH, or bilateral LH connec-

tivity at qFDR p<0.05 between groups. 

No anxiety Healthy vs high anxiety BMS  

High anxiety BMS patients had significantly lower connectivity of PBN with the 

bilateral S1, cerebellum, left anterior prefrontal cortex, and right middle temporal gyrus 

compared to no anxiety healthy participants at qFDR p<0.05 (Figure 21). See table 14 for 

specific details. 

There were no differences in DLPFC, ITG, bilateral MH, or bilateral LH connec-

tivity at qFDR p<0.05 between groups. 

Healthy high anxiety and high anxiety BMS 

There were no differences in DLPFC, PBN, ITG, bilateral MH, or bilateral LH 

connectivity at qFDR p<0.05 between groups. 

Discussion 
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Overall, we found that both high anxiety healthy participants and high anxiety 

BMS patients had lower connectivity when compared to no anxiety healthy participants. 

Our hypothesis that high anxiety healthy participants would have higher resting state 

connectivity between the DLPFC, PBN, ITG, and hypothalamus to regions associated 

with negative affect such as the amygdala, and insula compared to no anxiety healthy 

participants was not supported. Instead, we found that high anxiety healthy participants 

had lower resting state connectivity of the PBN with the inferior frontal gyrus (IFG) 

compared to no anxiety healthy participants (Table 15). Therefore, anxiety could be 

interpreted to affect the brain by diminishing the interaction of the PBN, involved in 

neuroendocrine adaptations of noxious events (Bester et al., 1995; Stroman et al., 2018), 

with the IFG a region associated with emotional regulation, language processing, 

inductive reasoning etc (Cha et al, 2017; Furlan & Vallesi, 2018). 

Table 14: Seed to voxel connectivity results between groups. Higher/Lower resting 

state connectivity peaks in the significant clusters at whole-brain threshold P<0.05 

(False discovery rate (FDR) - corrected), using a cluster defining threshold P<0.001 

(uncorrected) for both contrasts.  Anatomical labeling corresponds to the peak MNI 

coordinate. 
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Additionally, our second hypothesis that BMS patients would have higher 

functional connectivity between pain circuitry regions—such as S1, cingulate cortex, 

periaqueductal grey, and thalamus—compared to high-anxiety healthy participants was 

also not supported. This could indicate that the lack of findings between the PBN with the 

DLPFC as seen by the lower connectivity of the PBN with the DLPFC in chapter 4 could 

mean that the lower PBN to DLPFC connectivity in chapter 4 was driven by the high 

anxiety healthy participant subset within the analysis. Thus, PBN to DLPFC interactions 

could be associated with anxiety given that once the high anxiety healthy group was 

removed in the comparison the DLPFC findings are no longer there.    

Instead, we found that BMS patients had lower connectivity of the PBN with the 

S1, cerebellum, anterior prefrontal cortex, and MTG. Therefore, in contrast to our anxiety 

findings, chronic pain of BMS can be interpreted to affect the brain by diminishing the 

interaction between brain regions associated with somatosensation of the orofacial 

region, and cognitive processing such as attention. Therefore, it can be further interpreted 

that the potential involvement of the S1 in BMS, due to it being a region associated with 

Figure 21: Resting state connectivity of PBN in high anx BMS < no anx healthy. Signifi-

cant clusters are in purple (t29=3.40, qFDR p<0.05).  
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orofacial specificity and pain (Lin et al, 2010; Miyamoto et al, 2006; Nguyen et al, 2004; 

Tamura et al, 2008; Rottler et al, 2014; Kim, W et al, 2017; Kim, J et al, 2019; Vierck et 

al, 2013; Wang et al, 2019; Jin et al, 2018) along with the lower connectivity of the PBN 

with the S1 in chapter 4, is not associated with anxiety.  

Additionally, however, the lack of findings in the right LH and right MH also 

could imply that the lower connectivity of the hypothalamus to DLPFC findings in 

chapter 4 are not related to anxiety. Therefore, we predict that the decreases in BMS 

symptoms after DLPFC stimulation in Umezaki et al are associated with an increased 

interaction with the hypothalamus (Umezaki et al, 2016).  

Anxiety is often implicated as a common comorbidity related to chronic pain 

conditions (Nicholson & Verma, 2004). Although, there is abundant literature on the 

Table 15: Summary of significant clusters at qFDR p<0.05. Lower connectivity in 

purple. 
-
no differences between groups 
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association of anxiety with chronic pain, there is limited knowledge with regards to 

functional connectivity differences associated with anxiety and chronic pain. In 

trigeminal neuralgia it has been reported that the functional connectivity of the right 

insula, secondary somatosensory cortex, and anterior cingulate cortex was negatively 

correlated with anxiety ratings (Wang et al, 2017). More specifically, higher anxiety 

ratings were associated with lower functional connectivity of these brain regions (Wang 

et al, 2017). This is similar to our findings that high anxiety healthy participants and high 

anxiety BMS patients had lower connectivity when compared to no anxiety healthy 

participants. In contrast, in fibromyalgia, more anxiety symptoms were associated with 

higher connectivity between the ventrolateral prefrontal cortex and right sensorimotor 

cortex (van Ettinger-Veenstra et al, 2020). Therefore, it can seems that anxiety disrupts 

the interactions between brain regions in high anxiety individuals and trigeminal 

neuralgia patients, but that in fibromyalgia patients anxiety increases the interactions 

between brain regions. 

We had aimed to determine whether the resting state connectivity differences in 

chapter 4 where associated with BMS or anxiety. Our findings suggest that the 

anticipatory effect predicted in previous chapters could be associated with an anxiety-

related disruption of interaction between the PBN and the DLPFC. Our prediction from 

chapter 4 that BMS is associated with the aberrant functional resting state connectivity of 

the right LH and right MH with the DLPFC, and aberrant functional resting state 

connectivity of the PBN with the S1, is supported by our findings.  
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Chapter 7: Discussion 

Study Overview 

 The notion that multiple chronic pain conditions alter the brain suggests that BMS 

will lead to changes in the brain as well (Flor et al., 1997; Melzack et al., 2001; Jä-

äskeläinen et al., 2001; Latremoliere & Woolf, 2009; Davis, 2011; Apkarian et al., 2011; 

Kuner & Flor, 2016; Mansour et al, 2014; Li, 2018; Kim & Kim, 2016). Because emerg-

ing data suggest that these brain changes can be reversible after successful pain treatment, 

we wanted to explore potential treatment targets for BMS by investigating the relation-

ship between brain regions at rest and during pain in BMS patients compared to healthy 

participants (Zhang et al, 2020; Kucyi & Davis, 2016; McCarberg & Peppin, 2019; Zani-

boni et al, 2018; Li et al, 2014). Therefore, we originally hypothesized that we would find 

neuroimaging differences in pain related regions most commonly activated in other 

chronic pain conditions and during noxious stimulation including the primary somatosen-

sory cortex (S1), secondary somatosensory cortex (S2), anterior cingulate cortex (ACC), 

insula, prefrontal cortex (PFC), thalamus, and cerebellum (Li, 2018; Kim & Kim, 2016; 

Eller-Smith et al, 2018; Maarbjerg et al, 2017). Our findings support targeting the 

DLPFC and S1 to treat BMS (Seminowicz & Čeko, 2015; Mansour et al, 2014).  

In the previous chapters we show the overall comparisons between BMS and 

healthy participants. Four aims were addressed: Aim 1 focused on temperature, pressure, 

and pain responses in BMS to gain insights on time of day related differences in stimulus 

perception (chapter 2). This was the first QST analysis to report time-of-day-dependent 

responses to innocuous stimuli in BMS patients. Aim 2 focused on structural brain 

differences (chapter 3) and their association to resting state functional alterations in BMS 
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to gain insights on the relationships between brain in BMS patients at rest (chapter 4). 

Aim 3 focused on functional imaging during evoked pain exposure to the forearm to gain 

insight on how BMS alters pain processing (chapter 5). Lastly, aim 4 focused on BMS 

functional connectivity comparisons between high anxiety healthy participants, high 

anxiety BMS patients, and no anxiety healthy participants to gain some insight on the 

effect of anxiety on BMS (chapter 6). This was also the first attempt at distinguishing the 

BMS related brain alterations from anxiety related brain alterations in BMS participants 

during rest. In this chapter we aim to summarize our findings and report future directions. 

Major Findings 

We found that the majority of sensory testing differences in BMS patients were in 

relation to cold, warmth, and mildly painful thermal stimulation  rather than intensely 

painful levels of stimulation (chapter 2). BMS patients have more grey matter volume 

(GMV) in the parabrachial nucleus and inferior temporal gyrus, and lower GMV in the 

dorsolateral prefrontal cortex when compared to healthy participants (chapter 3). This is 

in part explained by the lower connectivity of the functional network between the 

DLPFC, parabrachial nucleus, medial and lateral hypothalamus, and primary 

somatosensory area (chapter 4). There were no differences in brain connectivity during 

pain stimulation (chapter 5). Instead, there was higher connectivity of the lateral 

hypothalamus with the posterior insula during the warm block of the task. Additionally, 

there were brain connectivity differences during warm onset and pain offset that could be 

related to the anticipation of innocuous stimuli and pain relief (chapter 5). There was 

lower connectivity of the PBN in high anxiety healthy participants and high anxiety BMS 
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patients when compared to no anxiety healthy participants (chapter 6). Overall, the 

DLPFC seems to play a larger role in BMS pathology than previously expected.  

Comparison of findings with other chronic pain conditions 

The variability in QST-based sensory profiling in chronic pain conditions such as 

trigeminal neuralgia, fibromyalgia, and TMD reveal a spectrum in sensory processing 

that can be divided into multiple subgroups within each chronic pain condition (Pfau et 

al, 2019). Additionally, Doshi et al reports somatosensory deficits in TMD and trigeminal 

neuralgia but that, specific QST parameters found to be distinct from healthy participants, 

are inconsistent across studies (Doshi et al, 2020). Additionally, the OPPERA cohort 

showed TMD patients had lower pressure pain thresholds (PPTs) in patients with ongoing 

TMD symptoms (Doshi et al, 2020).This was similar to our finding that BMS patients 

had lower PPTs of the face in the afternoon when compared to morning PPTs. Altogeth-

er; we can therefore interpret that PPTs decrease with ongoing orofacial pain revealing 

abnormalities in central pain processing. 

Similar to our BMS findings, Chen et al reported higher GMV of the left inferior 

temporal gyrus in TMD patients, as well as higher GMV of the bilateral fusiform gyrus, 

middle temporal gyrus, and lingual gyrus (Chen et al, 2020). But, this is in contrast with 

trigeminal neuralgia, in which lower GMV of the ITG also associated with higher pain 

intensity and longer duration of trigeminal neural are reported (Wang et al, 2017).  

Additionally, another study reported that TMD patients show a decrease in gray 

matter volume in the left anterior cingulate gyrus, in the right posterior cingulate gyrus, 

the right anterior insular cortex, left inferior frontal gyrus, and the superior temporal 

(Gerstner et al, 2011). These are areas typically associated with chronic pain, so our lack 
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of structural differences in these regions suggests that BMS could involve aberrant non-

pain specific processing.  

The parabrachial nucleus (PBN) is involved in the relay of taste and temperature 

information to the brain but has also been implicated in neuropathic pain (Scott & Small, 

2009; Palmiter, 2018; Nakamura, 2018; Chiang, et al, 2019; Asano et al, 2019; Huang et 

al, 2019; Uddin et al., 2018; Kato et al, 2018; Willis & Westlund, 1997; Bester et al., 

1995). It has been shown to be involved in neuroendocrine adaptations of noxious events 

as well as increase in activity during heat pain stimulation (Bester et al., 1995; Stroman et 

al., 2018). Thus, we should not discount regions outside of the pain matrix to potentially 

be involved in BMS because they could indicate aspects of the pathophysiology that 

could differentiate it from other chronic pain conditions. Therefore, we will explore the 

entire brain in our analysis of BMS patients to ensure we have all the information needed 

to understand the syndrome. 

In trigeminal neuralgia there is a reduction in the prefrontal cortex, precentral gy-

rus, cerebellar tonsil, thalamus, hypothalamus, and nucleus accumbens, the inferior 

frontal gyrus, precentral gyrus, cerebellum, thalamus, ventral striatum, and putamen (Tsai 

et al, 2018).  Like trigeminal neuralgia, we also found that BMS patients had lower GMV 

of the DLPFC (Brietzke et al, 2019). This suggests that BMS pathophysiology could in-

volve aberrant attention and cognitive processing.  

In contrast to trigeminal neuralgia, we did not find any structural differences in 

the hypothalamus or pain processing regions but our functional connectivity analyses 

suggest the hypothalamus is still involved in BMS pathophysiology.  More specifically, 

we believe that the lateral hypothalamus strong interaction with the posterior insula dur-
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ing warm block of our evoked pain task suggest the involvement of the hypothalamus in 

the thermal sensory abnormalities in warm perception seen in our QST chapter. 

Additionally, He et al reported lower functional connectivity between the ventral 

striatum and ventral frontal cortices, including the anterior cingulate cortex and anterior 

insula; in the dorsal corticostriatal circuitry, between the dorsal striatum and the dorsal 

cortices, including the precentral gyrus and supramarginal gyrus; and also within the stri-

atum. They concluded that TMD is associated with reduced functional connectivity of the 

corticostriatal networks associated with the deficits in motor control, pain processing, and 

cognition in TMD (He et al, 2018). This is similar to the overall lower connectivity in 

BMS patients compared to healthy participants which suggests deficits in somatosensa-

tion, and cognitive processing in BMS. 

Potential Mechanisms of BMS  

 

BMS pathology is associated with aberrant brain processing of warm and cold 

temperature perception. A study that focuses on the TRPM2 (required for sensitivity to 

warm) and TRPM8 (essential for environmental cold) should be explored in order to 

determine further mechanisms of BMS pathology (Tan & McNaughton, 2016 & 2018; 

Bautista et al, 2007; McKemy, 2018; Viana, 2002; McKemy et al., 2002). Additionally, 

our findings support the DLPFC, hypothalamus, PBN, and S1 as the specific network 

brain regions associated with BMS and not anxiety (chapter 4 figure 1). Lastly, the PBN 

to IFC functional differences could be specifically related to anxiety.  

Alternative mechanisms of BMS 

Some of our results may be attributed to attentional focus. Participants may be 

paying more attention to burning mouth pain in the afternoon than in the morning, there-
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fore when an external stimulus such as the thermode is applied they are distracted by 

their mouth pain enough to not notice the changes or increases in thermal detection or 

pain. In contrast, healthy participants do not have mouth pain and in turn are able to focus 

on the thermal pain stimulation more consistently and be able to notice changes or in-

creases in thermal detection or pain. Several studies have noted that a focus of attention 

on something other than pain can modulate the direction of the pain (Seminowicz et al, 

2004 & 2007; Legrain 2009). If one is hypervigilant about the pain, the pain is more in-

tense, and if one is distracted by another sensation, the pain is less intense. Roy et al. 

(2011) stated that modulatory mechanisms of the descending pain pathway of the brain 

explained the effect that attention has on a patient’s overall pain experience. Schwein-

hardt and Bushnell (2010) stated that the descending pain pathways involved in the psy-

chological modulation of pain included two inputs. The second input in particular is re-

lated to attentional focus (Bushnell, Ceko, & Low, 2013). This particular pathway could 

be affected in BMS participants leading to AM, PM differences. 

Another explanation is that participants may have more negative emotions to-

wards their burning mouth pain, and therefore when they compare the unpleasantness of 

it to the unpleasantness of the experimental pain, the burning mouth pain seems more in-

tense. Several studies also noted that emotion modulates the direction of pain and that 

negative emotion equals more pain and positive emotion equals less pain. Roy et al. 

(2011) stated that modulatory mechanisms of the descending pain pathway of the brain 

explain the effect of emotions on a patient’s overall pain experience. Furthermore, as 

stated above, Schweinhardt and Bushnell (2010) stated that the descending pain pathways 

involved in the psychological modulation of pain include two inputs. The first input in 
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particular is related to emotion (affective component) and goes from the anterior cingu-

late cortex to the prefrontal cortex, periaqueductal gray, rostral ventromedial medulla, to 

the dorsal horn of the spinal cord; it influences afferent transmission. One potential 

mechanisms could be that given the BMS patients typically present with anxiety and de-

pression, negative affect experienced by BMS patients primes their perception of pain to 

experience higher pain intensity to mildly painful thermal stimulation, and higher thermal 

sensitivity to cold and warm than healthy participants (Richter et al 2014; Rhudy & Wil-

liams, 2005; Kenntner-Mabiala & Pauli, 2005; Meagher et al., 2001; Montoya & Sitges 

2006). It is possible that both attention and negative affect are reciprocally influencing 

BMS symptoms. In support of cognitive behavioral therapy, CBT has been previously 

shown to increase GMV of the DLPFC (Seminowicz et al, 2013). Therefore, cognitive 

behavioral therapy might be an appropriate non-invasive alternative treatment for BMS 

patients looking to avoid rTMS (Seminowicz & Čeko, 2015; Seminowicz et al, 2013). 

Several studies have reported reduced GMV in chronic pain conditions, but there is lim-

ited research on plasticity of the human cortex in response to psychological interventions. 

We investigated GM changes after cognitive behavioral therapy (CBT) in patients with 

chronic pain. We used voxel based morphometry (VBM) to compare anatomical MRI 

scans of 13 patients with mixed chronic pain types before and after an 11-week CBT 

treatment and to 13 healthy control participants. CBT led to significant improvements in 

clinical measures. Patients did not differ from healthy controls in GM anywhere in the 

brain. After treatment, patients had increased GM in bilateral dorsolateral prefrontal 

(DLPFC), posterior parietal (PPC), subgenual anterior cingulate (ACC)/orbitofrontal, and 

sensorimotor cortices, as well as hippocampus, and reduced GM in supplementary motor 
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area. In most of these areas showing GM increases, GM became significantly higher than 

in controls. Decreased pain catastrophizing was associated with increased GM in left 

DLPFC and ventrolateral prefrontal (VLPFC), right PPC, somatosensory cortex, and pre-

genual ACC. While future studies with additional control groups will be needed to de-

termine the specific roles of CBT on GM and brain function, we propose that increased 

GM in the PFC and PPC reflects greater top-down control over pain and cognitive reap-

praisal of pain, and that changes in somatosensory cortices reflect alterations in the per-

ception of noxious signals (Seminowicz et al, 2013). 

Strengths 

Previous studies have focused on one of two approaches. The first approach was 

to focus on the periphery and use QST, or tongue biopsies to determine potential 

peripheral mechanisms of BMS. The second approach was to use either PET or fMRI 

imaging to determine central nervous system mechanisms of BMS. In contrast, we aimed 

to investigate BMS from both angles. Therefore, we incorporated both QST and 

functional neuroimaging to explore the effects of BMS pathology as a whole. 

Additionally, a large majority of studies have solely focused on the orofacial 

region and neglected the rest of the body. However, our study used both orofacial and 

forearm testing to ensure we get the broader picture of BMS-related mechanisms.  

Lastly, this was the first study to show morning to afternoon QST comparison of 

BMS patients compared to healthy participants. This was also the first attempt at 

distinguishing the BMS related brain alterations from anxiety related brain alterations in 

BMS participants. 

Limitations 
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 We were limited by the types of tests we were allowed to administer. In our 

quantitative sensory testing aim, no oral pain thresholds were obtained given difficulties 

applying accurate pressure to the tongue. We also did not apply heat directly to the mouth 

in order to prevent triggering more BMS discomfort to our BMS participants. Although, 

we performed the best tests we could, given our restrictions, future studies should include 

electroencephalography in order to obtain real-time brain signaling differences during 

heat pain exposure between groups. 

Furthermore, it was extremely difficult to recruit participants for our study. This 

was largely due to time constraints with participant job schedules. Additionally, BMS 

patients tend to have comorbities but because we wanted a clean sample we were limited 

on number. It is also important to note that QST is known to be highly variable among 

healthy individuals, and patient populations therefore it is necessary to continue to test 

QST in a larger sample in order to truly understand differences and similarities in sensory 

perception of BMS patients compared to healthy participants (Doshi et al, 2020).  

For neuroimaging the brain, the main limitation is the movement artifacts can lead 

to poor image collection (Lindquist, 2015; Fu et al, 2017; Logothetis et al., 2001). There-

fore, we made sure to ask participants to stay as still as possible during the structural and 

functional scans; as well as ensure stringent data preprocessing and quality assurance to 

reduce motion artifacts in our analysis (Lindquist, 2015; Fu et al, 2017; Logothetis et al., 

2001). Another limitation is that the neuronal activity is measured indirectly when com-

pared to more invasive methods such as electrophysiology. Additionally, temporal resolu-

tion is within than 1 second mark which is slightly slower than electroencephalography 

(EEG). Additionally, the main problem with time series connectivity is that there may be 
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different hemodynamic lags in different regions of the brain. Thus, the time series form 

different regions may not line up even if neural activity patterns match with each other. 

Because temporal order is important we ensured to use a general linear model (GLM) ap-

proach in which we are able to compute the correlation between parameter estimates 

across voxels to minimize inter-region neurovascular coupling issues (Lindquist,  2015; 

Fu et al, 2017; Logothetis et al., 2001). Additionally, we are only able to state association 

of regions with BMS but not causality of these regions and BMS symptoms (Logothetis, 

2008; Woo et al, 2014). Moreover, we were only able to assess arm pain and no other 

types of pain including orofacial pain. Therefore any conclusions would have to be sub-

sequently followed by more direct orofacial testing. However, orofacial pain testing in 

the fMRI scanner would be difficult. Therefore, electroencephalography testing of orofa-

cial pain brain signaling would be the best alternative method to follow-up our study.  

Due to the spontaneous nature of BMS longitudinal studies to determine causality 

are not feasible. Thus we cannot determine whether BMS patients with high anxiety 

primed the CNS to cause BMS or whether BMS causes anxiety. Future test can be 

directed however to compare symptom duration and anxiety and determine how their 

correlation changes throughout time. 

Lastly, pain is an individual experience because each person has a specific pattern 

of life experiences (Bushnell et al, 2015). Before performing pain testing, we must be 

mindful of the prior experiences of pain the participant has had. When asking about the 

highest and lowest pain scores, we can ask the patient to describe how this pain compares 

with the worst pain they have ever experienced. For some women, this may be the pain of 

childbirth, and for most people, it is the pain of stubbing a pinky toe or breaking a bone 



 

96 

 

(Musich et al, 2019; Alschuler et al, 2016; Mitchell et al, 2018; Junge et al, 2018). What 

if the least painful experience is emotional pain? Does this mean that that person’s 

tolerance for pain is higher? What if the least painful experience is a physical pain such 

as stubbing a toe? When averaging the pain scores of a group, we should remember that 

each person’s perceptions and experiences are different. Although resilience to pain, or a 

lack thereof, may be a factor in testing, we must remember that we can only work with 

the participants we currently have. These participants are giving us their best descriptions 

of pain intensity and unpleasantness during the study. Therefore, it is imperative to 

thoroughly explain that the testing is an experience in the here and now. Later, one can 

ask participants to fill out questionnaires on how participants arrived at a pain score, what 

prior pain experiences they had had in everyday life, and what questions they had during 

the test. If a participant does not understand the test, we must do our best to explain the 

test until they understand it.  

Mind–Body Pain Therapies 

 

It has been reported that for majority of BMS patients the symptoms disappear 

spontaneously (van der Waal I, 2001). However, this could take years (van der Waal I, 

2001), therefore exploring potential alternative treatments while the symptoms subside is 

important to aide in improving the lives of BMS patients.  

As mentioned in chapter 3, repetitive transcranial magnetic stimulation (rTMS) has 

previously been shown to induce analgesia in models of acute pain as well as in chronic 

pain patients (Fierro et al, 2010; Lefaucheur et al, 2014; Umezaki et al, 2016; Moisset et 

al, 2016; Nardone et al, 2017; De Martino et al, 2019; Seminowicz et al, 2018). Umezaki 

et al showed significant BMS pain improvements in 12 BMS patients given high fre-
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quency rTMS over the left DLPFC (Umezaki et al, 2016). Our structural and functional 

findings support the left DLPFC as a good therapeutic target for treatment. 

Alternatively, Bushnell, Ceko, and Low (2013) reviewed mechanisms of mind–

body therapies (e.g., yoga, meditation, cognitive behavioral therapy) and the difficulties 

of using them for chronic pain because endogenous pain control changes with chronic 

pain. To them, the context and meaning of pain varied among episodes in a single indi-

vidual and among multiple individuals. They also mentioned the possibility that emotion-

al and cognitive deficits follow chronic pain (Bushnell, Ceko, & Low, 2013). 

Based on the current study’s AM and PM QST comparison findings, the potential 

for attentional focus as part of the experience of more pain is significant. Other studies 

have shown that distraction decreases pain perception (Villemure & Bushnell, 2009). 

Given that attentional focus is a component of cognition, it should be addressed. This fur-

ther supports the incorporation of cognitive behavioral therapy in teaching patients dis-

tractions when pain is intolerable should be a major component of pain management. 

Other alternative distraction-based treatments, including exercise and task-focused medi-

tation via virtual reality games, would be wonderful adjuncts to current drug medications. 

Patients should avoid activities that cause hypervigilance for symptoms, such as jour-

naling about pain. Static meditation in which participants focus more on themselves 

would be futile in such situations (Veldhuijzen et al, 2006; Vancleef and Peters, 2006; 

Crombez et al., 1994).  

Because mood and attention use separate neuromodulatory circuits, there could be 

a slight possibility that if shifting the attention does not work, the mood should be im-

proved (Villemure & Bushnell, 2009). Therefore, other alternative treatment approaches 
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that could be tried include aromatherapy, painting, positive music, and other activities 

that could improve mood and redirect negative attention to a positive state (Finan and 

Garland, 2015; Hanssen et al 2017).  

Pain management education is imperative for decreasing pain intensity and un-

pleasantness during the afternoon (Hinan and Garland, 2015; Hanssen et al 2017). A 

positive outlook on the dynamic state of patient’s pain and how pain will decrease with 

distraction and a positive mood will aid in increasing the effectiveness of pain medica-

tions during pain spikes throughout the day (Hinan and Garland, 2015; Hanssen et al 

2017). The more knowledge a participant has on how to manage the pain the more beara-

ble the pain becomes (Geneen et al, 2015).  

Follow up studies 

There are no current animal models of BMS which makes it difficult to 

understand the chronic burning sensation BMS patients experience. Finding a way to 

induce burning pain in the mouth of healthy subjects while in the MRI scanner or during 

electroencephalography will help in further understanding the mechanisms of action of 

burning oral pain.  Additional studies testing the involvement of cold and warm thermal 

sensation would also be a useful follow up study. Furthermore, more in depth analysis of 

time-dependent hypervigilance and attention to pain in BMS would help in understanding 

BMS pathophysiology. 

A consistent finding across BMS literature is that majority of BMS patients report 

burning pain to the anterior tip of the tongue (Nasri-Heir et al, 2015; Suarez & Clark, 

2006; Yilmaz et al, 2016). The primary somatosensory cortex has been implicated in 

specific discrimination between the anterior and posterior parts of the tongue (Sakamoto 
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et al, 2010). Altogether, it can be interpreted that specificity of orofacial pain in BMS 

patients is in part associated with aberrant processing of the primary somatosensory 

cortex. More specifically, the relationship between that PBN and the S1 should be further 

investigated. 
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