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a b s t r a c t

Burning mouth syndrome (BMS) is a debilitating, idiopathic chronic pain condition. For many BMS
patients, burning oral pain begins in late morning and becomes more intense throughout the day, peaking
by late afternoon or evening. We investigated brain gray matter volume (GMV) with voxel-based mor-
phometry (VBM), white matter fractional anisotropy (FA) with diffusion tensor imaging (DTI), and func-
tional connectivity in resting state functional MRI (rsfMRI) in a tightly screened, homogeneous sample of
9 female, postmenopausal/perimenopausal BMS patients and 9 matched healthy control subjects.
Patients underwent 2 scanning sessions in the same day: in the morning, when ongoing pain/burning
was low, and in the afternoon, when pain/burning was significantly higher. Patients had increased
GMV and lower FA in the hippocampus (Hc), and decreased GMV in the medial prefrontal cortex (mPFC).
rsfMRI revealed altered connectivity patterns in different states of pain/burning, with increased connec-
tivity between mPFC (a node in the default mode network) and anterior cingulate cortex, occipital cortex,
ventromedial PFC, and bilateral Hc/amygdala in the afternoon compared with the morning session. Fur-
thermore, mPFC-Hc connectivity was higher in BMS patients than control subjects for the afternoon but
not the morning session. mPFC-Hc connectivity was related to Beck depression inventory scores both
between groups and between burning states within patients, suggesting that depression and anxiety
partially explain pain-related brain dysfunction in BMS. Overall, we provide multiple lines of evidence
supporting aberrant structure and function in the mPFC and Hc, and implicate a circuit involving the
mPFC and Hc in regulating mood and depressive symptoms in BMS.

� 2014 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Burning mouth syndrome (BMS) is an unusual, idiopathic,
chronic intraoral pain disorder characterized by spontaneous burn-
ing pain of the tongue, lips, palate, or oral mucosa in the absence of
observable lesions [26], with a prevalence between 0.7% and 4.6%
of the general population [9,13,24,25,30,46,55] and primarily
occurring in postmenopausal women ages 40 to 60 years [11].
The etiology of BMS is poorly understood, and the potential periph-
eral mechanisms are inconsistent across patients [28], making both
diagnosis and treatment challenging.

Patients with BMS often report numerous symptoms including
headache and various orofacial pains, pains in other parts of the

body, personality and mood changes, specifically anxiety and
depression, and a period of unsuccessful treatment [1,15]. Recent
human and animal studies have shown that chronic pain causes
structural changes and functional reorganization in brain regions,
including the medial prefrontal cortex (mPFC) and hippocampus
(Hc) [7,38,40,47,49,56]. The Hc is strongly implicated in learning
and memory [17], but its role in chronic pain is not well understood.
The mPFC is implicated in a number of cognitive and emotional pro-
cesses, memory, decision-making, and self-referential thought
[18,31,35,38]. Both Hc and mPFC are part of the default mode net-
work (DMN) [22,43]. Altered DMN resting state connectivity has
been reported in various chronic pain conditions [8,33,41,54], but
resting state connectivity in BMS has never been studied.

We hypothesized that BMS patients would have abnormal brain
anatomy and that ongoing pain would cause alterations in
functional connectivity in brain circuits associated with pain and
emotion. We also tested how resting state functional magnetic
resonance imaging (fMRI) connectivity was modulated by ongoing
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pain/burning by testing BMS participants twice in the same day: in
the early morning, when pain/burning is typically minimal, and in
the late afternoon, when pain/burning is typically intense.

2. Materials and methods

2.1. Overview

We compared voxel-based morphometry (VBM) and diffusion
tensor imaging (DTI) between BMS patients and control subjects,
then subsequently tested the effects of ongoing pain in patients.
We also tested how resting state functional MRI (rsfMRI) connectivity
was modulated by ongoing pain/burning by testing BMS participants
twice in the same day: in the early morning, when pain/burning is
typically minimal, and in the late afternoon, when pain/burning is
typically intense. Finally, we examined the relation between struc-
tural and functional measures and depression and anxiety.

2.2. Participants

Eighteen subjects were recruited: 9 patients diagnosed with
BMS but not receiving therapy and 9 age-matched female healthy
control subjects (Table 1, participant information). Patients were
recruited from the Oral Medicine Program of the University of
Maryland, where complete medical and dental examinations were
performed. A working diagnosis of BMS was based on a chief com-
plaint of pain or burning in the oral mucosa and/or tongue and
exclusion of other known causes of oral burning-like pain. Type 1
BMS was the focus of this study. Type 1 BMS is characterized by
absence of or minimal morning pain that escalates throughout
the day, reaching its maximum in late afternoon/early evening
[29]. This study sought and selected subjects with this precise pain
pattern with the goal of characterizing the functional MRIs repre-
sentative of this daily emergence of pain perception without the
confounding variables of medication. Therefore, at the time of
the MRI studies all subjects were medication-free (including opi-
oids, nutrient supplements, or centrally acting prescription medi-
cations) for a minimum of 30 days before enrollment in the
study. Hematologic studies coupled with clinical signs and symp-
toms were used to assess the likelihood of diagnosis of other
pathologies, including severe but treatable xerostomia; other atyp-
ical facial pain; viral reactivation, eg, primary or recurrent herpetic
infection; Varicella zoster reactivation (perioral shingles); fungal
infections; Lyme disease; lichen planus; diabetes; anemia; allergic
reactions; and folate deficiency. Furthermore, all subjects enrolled
were postmenopausal or perimenopausal. Control subjects were
recruited through campus-wide flyer advertisement and were free

of any chronic pain conditions, psychiatric illness, local oral or sys-
temic disease, and salivary dysfunction. Consent was obtained
according to the Declaration of Helsinki, and all research proce-
dures were approved by the Institutional Review Board of the Uni-
versity of Maryland, Baltimore.

All BMS patients underwent 2 testing sessions: early morning
(7 AM, with the MRI scan from 8:15 AM to 9:15 AM) and late after-
noon (3 PM, with MRI from 4:15 PM to 5:15 PM). Healthy control sub-
jects performed the identical experimental procedures as patients
except that they underwent only a single MRI scan in either the
morning (n = 5) or the afternoon (n = 4).

2.3. Questionnaires and ratings

Participants completed the following questionnaires: State-Trait
Anxiety Inventory (STAI [53]), Beck Depression Inventory (BDI [10]),
and short-form McGill pain questionnaire (SFMPQ [37]). We asked
patients to verbally rate their current burning intensity, burning
unpleasantness, and pain intensity on a 0 to 10 numerical rating scale
before and after each fMRI session. Burning intensity scores included
any localized burning sensation in the oral mucosa. Patients tend to
use the term burning more than the term painful. Although there is
certainly some overlap in the meaning of the terms, we instructed
patients to rate both pain and burning separately.

2.4. MRI data acquisition

Scans were acquired on a 3-T Siemens Tim Trio, equipped with a
12-channel head coil. An anatomical scan lasting about 5 minutes
was acquired with the following parameters: field of view (FOV)
256 mm, echo time (TE) 2.91 ms, repetition time (TR) 2300 ms, flip
angle 9.0�, resolution 1 � 1 � 1 mm. We also performed an rsfMRI
scan consisting of about 8 minutes, in which subjects were
instructed to keep their eyes open and look at a crosshair pre-
sented on a screen, relax, and not focus on anything in particular.
The fMRI parameters were: spin echo, echo planar imaging (SE-
EPI), 194 volumes, 36 slices, FOV 230 mm, TR 2500 ms, TE 30 ms,
resolution 1.8 � 1.8 � 4 mm, no gap, flip angle 90�, oblique slices.
A DTI scan was collected, lasting about 11 minutes. The parameters
were: SE-EPI, 72 slices, FOV 230 mm, TR 9400 ms, TE 87 ms, reso-
lution 1.8 � 1.8 � 2 mm, 64 directions, and 5 B0 images.

2.5. MRI data preprocessing and analysis

2.5.1. VBM
VBM data preprocessing was performed with the VBM8 toolbox

(version r435) (http://dbm.neuro.uni-jena.de/vbm/) implemented

Table 1
Participant demographic, clinical, questionnaire, and psychophysics data.

Burning mouth syndrome patients (n = 9) Healthy control subjects (n = 9)

AM PM AM PM

Age (y) 54 (7.7) – 56 (8.2) –
Duration (y) 4 (4.8) – – –

Burning intensity 2.8 (3.3) 5.5 (3.2)* – –
Burning unpleasantness 2.8 (3.3) 5.4 (3.6)* – –
Past week burning intensity 6.6 (2.7) – – –
Past week burning unpleasantness 7 (2.5) – – –
Pain intensity 0.9 (1.9) 2.2 (2.8) – –
Past week pain intensity 3.3 (3.4) – – –
Beck Depression Inventory 9.1 (4.9) – 1.8 (2.5)� –
State-Trait Anxiety Inventory–trait 37.6 (10.9) – 34.7 (4.4) –
State-Trait Anxiety Inventory–state 35.7 (9.3) 35.2 (9.9) 32.3 (8) 33.6 (9.9)

P values are calculated based on paired or independent-samples t tests, as appropriate. Values in parentheses are standard deviations.
* P < .05, patients AM (morning session) vs PM (afternoon session).
� P = .001, patients vs control subjects.
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through SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) to study voxel-
wise gray matter volume (GMV) between patients and control
subjects. Briefly, anatomical images were spatially normalized with
diffeomorphic anatomical registration through exponentiated Lie
algebra (DARTEL) to the Montreal Neurological Institute (MNI) tem-
plate segmented into gray matter, white matter, and cerebrospinal
fluid (CSF), and smoothed with an 8-mm Gaussian kernel. Whole-
brain GMV and white matter volume (WMV) were calculated and
averaged for each group. Voxel-wise comparisons were performed
on GMV images only, with an initial threshold of P < .005 and the
SPM random field theory cluster correction for multiple compari-
sons, together with nonstationary smoothing, using the NS toolbox
(http://fmri.wfubmc.edu/cms/software#NS) implemented in SPM5.

2.5.2. DTI: whole brain tract–based spatial statistics
DTI images were processed using FSL (FMRIB’s Software Library,

http://www.fmrib.ox.ac.uk/fsl), which included eddy-current cor-
rection, the FSL tool "dtifit" to reconstruct diffusion tensors, and
fractional anisotropy (FA) voxel-wise statistical measures using
Tract-Based Spatial Statistics (TBSS). First, FA images were gener-
ated by scaling the diffusion tensor to the raw diffusion data using
FMRIB’s diffusion toolbox (FDT), and then brain extraction using
brain extraction tool (BET). The FA data of all subjects underwent
nonlinear registration to a common space. The mean FA image
was then created, and tracts were averaged to create a mean FA
skeleton that represents the tracts common to all groups. Each sub-
ject’s FA data then were projected onto this skeleton, and the
resulting data were supplied into voxel-wise statistics. A random-
ization procedure (FSL’s randomise, Monte Carlo permutation test)
at 5000 was used to perform the group-wise statistics. Whole-
brain skeletonized FA, mean diffusivity (MD), radial diffusivity
(RD), and axial diffusivity (AD) values were extracted and assessed
in 2-sample t tests. We also examined correlations between whole-
brain GMV and skeletonized FA, as was shown previously to be
altered in chronic neuropathic pain [21], using SPSS version 21.0.

2.5.3. DTI: regional masks and tractography
FA, MD, AD, and RD values were calculated separately for the

skeletonized FA within each cluster that showed a significant

difference in GMV between groups from the VBM analysis and
for the common tracts connected to each of these clusters. To
obtain tracts, we used probabilistic tractography with FSL based
on the regional masks’ orientation distribution, and compiled con-
nectivity distributions showing the proportions of detected fibers
in the restricted region. Unrestrained (no waypoint) pathways
were generated separately for each of the regions in the VBM find-
ings as seeds. For each subject, tracts were generated in the MNI
standard space and thresholded at a minimum of 50 samples to
determine the presence of a tract at a given voxel and to eliminate
spurious connections [39,58]. We then binarized each subject’s
(patients and control subjects) tracts and added them. Only tracts
that showed complete overlap among the subjects were included.
Independent sample t tests were assessed for group differences in
FA and non-FA for different masks. Statistical significance was set
at P < .05. All statistical tests were performed in SPSS version 21.0.

2.5.4. Resting state fMRI connectivity
The rsfMRI data were preprocessed and analyzed using SPM8.

Preprocessing steps included: slice timing correction; motion cor-
rection; coregistration of the anatomical image to the mean func-
tional image; segmentation of the anatomical image CSF, white
matter, and gray matter; normalization to standard MNI brain
template; and smoothing with an 8-mm Gaussian kernel.

Seed-based rsfMRI was performed using 6-mm-radius spheres
around the peak voxels for the 2 regions showing GMV differences
between patients and control subjects: right hippocampus (MNI
coordinates: 36, �36, �9) and left mPFC (�9, 57, 3). Connectivity
processing was performed with the Conn toolbox [61]. The rsfMRI
data were band-pass filtered at 0.008 to 0.09 Hz, and we included
as nuisance variables the 6 motion parameters generated in SPM8
and signals extracted from 4 WM and 3 CSF seed regions. To ensure
that there were no differences in overall motion between groups,
we calculated total displacement for each subject from the 6
parameters according to Wilke et al. [62]. Average root mean
squared displacements (SEM) for each group were: patients–morn-
ing 0.011 (0.002); patients–afternoon 0.014 (0.004); control sub-
jects 0.008 (0.002). Conjunction analyses [20] (patients–morning
and control subjects for left mPFC and right Hc seeds) were

Fig. 1. VBM results (significant clusters). Compared to control subjects, patients had greater GMV in the right Hc (top row) and less GMV in the left mPFC (bottom row). Brain
images shown on an MNI template in neurological convention (right is right). x, y, and z values refer to MNI coordinates. VBM = voxel-based morphometry; GMV = gray
matter volume; Hc = hippocampus; mPFC = medial prefrontal cortex; MNI = Montreal Neurological Institute.
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performed for visualization purposes (ie, to show the overall pat-
tern of connectivity across groups). Between-group analyses were
performed on each seed using 2-sample t tests to compare BMS
and control subjects. To study effects of ongoing pain/burning in
BMS patients, paired t tests were performed comparing morning
and afternoon sessions. To identify regions significantly correlated
with burning intensity, we used a model in which difference scores
for burning intensity (afternoon �morning) and connectivity maps
(afternoon �morning) were included for each seed (Hc and mPFC).
We used an initial threshold of P < .005 and corrected for multiple
comparisons at the cluster level.

2.6. Correlations with clinical variables

To test whether the results from group comparisons for GMV,
DTI, and rsfMRI and within-subject differences (morning vs

afternoon) for BMS patients were related to clinical variables, we
extracted data from significant clusters and ran correlation analy-
ses with depression (BDI) scores and anxiety trait (STAI-T) and
state (STAI-S) subscale scores.

3. Results

3.1. Questionnaires and ratings

Subject demographic and clinical data are presented in Table 1
and Supplementary Table S1. Compared with control subjects,
patients had significantly higher scores on the BDI [t(16) = 4.00,
P = .001]. The remaining characteristics did not differ significantly
between groups. BDI scores were significantly correlated with
STAI-state and -trait for BMS patients, but not control subjects
(STAI-S morning BMS, r = 0.90, P = .001, control subjects, r = 0.63,

Table 2
Significant clusters of gray matter volume differences between burning mouth syndrome patients and control subjects and resting state functional magnetic resonance imaging
connectivity within patients in the morning vs afternoon sessions.

Regions Side Peak voxel Montreal
Neurological Institute

coordinate

Peak voxel t value Voxels in cluster P value cluster

Gray matter volume differences
Patients > control subjects

Hc R �34, �36, �9 4.47 784 .034

Control subjects > patients
mPFC L �8, 56, 4 4.25 689 .020

Resting-state functional magnetic resonance imaging connectivity
Left mPFC seed, afternoon > morning

Hc/amygdala L �16, 4, �24 8.66 249 .002
Hc/amygdala R 22, �18, �24 5.65 76 .053
Anterior cingulate cortex L �12, 38, �2 8.24 75 .054
Superior temporal gyrus L �38, 4, �14 5.86 164 .007
Ventral mPFC R 8, 28, �22 8.48 100 .029

Occipital lobe R 30, �74, �2 8.79 244 .002
Occipital lobe L �20, �92, 34 5.00 129 .015

Occipital lobe L �34, �98, 0 9.62 96 .032
Occipital lobe L �8, �58, 4 6.16 81 .047

Right Hc seed, morning > afternoon
Inferior temporal gyrus L �56, �8, �40 8.40 157 .008
S1 R 64, �8, 32 7.06 156 .009
M1 L �50, �2, 30 9.52 152 .009
Middle frontal gyrus/dorsolateral prefrontal cortex L �52, 28, 20 7.65 148 .009

Right Hc seed, patients > control subjects
Pons R 10, �32, �38 5.09 555 .001
S1 (PM) L �44, �20, 52 4.81 485 .001
Occipital lobe (PM) L �30, �88, �18 4.29 265 .003
M1 R 56, �12, 10 4.72 192 .012
Occipital lobe (PM) R 32, �88, �20 4.2 173 .013
Occipital lobe R 20, �88, �4 4.75 155 .022
Occipital lobe R 20, �70, 24 5.03 131 .032
Superior temporal gyrus L �60, �6, �2 4.6 121 .039
M1 R 60, 4, 10 4.62 110 .047

Left mPFC seed, control subjects > patients
S1 R 42, �32, 38 4.75 125 .056

Left mPFC seed, patients > control subjects
Hc/parahippocampal gyrus (PM) R 26, 8, �22 4.11 114 .056

Left mPFC seed, positive correlation with burning intensity
Tectum L �10, �34, �4 6.01 71 .044
Paracentral lobule R 2, �42, 60 3.38 92 .024

Right Hc seed, positive correlation with burning intensity
Inferior temporal gyrus L �56, �10, �36 4.54 158 .007
mPFC R 16, 56, 8 3.86 115 .018
Superior frontal gyrus L �26, 56, 36 3.74 88 .034

Right Hc seed, negative correlation with burning intensity
Cerebellum R 42, �46, �30 4.43 132 .012
Posterior parietal cortex L �52, �38, 40 3.46 75 .048

S1 = primary sensory cortex; Hc = hippocampus; mPFC = medial prefrontal cortex; M1 = primary motor cortex; R = right; L = left.
(PM) indicates control subjects vs patients in the afternoon session. Otherwise, patients vs control subjects refers to the morning session.
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P = .066; STAI-S afternoon BMS, r = 0.75, P = .021, control subjects,
r = 0.29, P = .443; STAI-T BMS, r = 0.77, P = .015, control subjects,
r = 0.54, P = .133). Burning intensity (morning 2.8 ± 3.3 (SD) vs
afternoon 5.5 ± 3.2, t(8) = 3.0, P = .018) and unpleasantness scores
(morning 2.8 ± 3.3 vs afternoon 5.4 ± 3.6, t(8) = 2.73, P = .026)
increased significantly in the afternoon compared to morning ses-
sion (Table 1).

3.2. Whole-brain GMV, WMV, and skeletonized FA

There were no significant group differences in total GMV
[patients = 615.22 ± 48.21 cm3 (SD), control subjects = 644.38 ±
43.63 cm3 t(16) = 1.35, P = .197], WMV [BMS = 465.42 ± 47.99 cm3,
control subjects = 501.65 ± 56.85 cm3 t(16) = 1.46, P = .163], or
skeletonized FA [t(16) = 1.4, P = .182]. BMS duration was not corre-
lated with GMV or FA. GMV was not correlated in either group with
skeletonized FA (BMS, r = 0.27, P = .480, control subjects, r = 0.13,
P = .742) or age (BMS, r = �0.44, P = .232, control subjects, r = 0.20,
P = .613). Skeletonized FA was significantly correlated with age in
control subjects, but not patients (BMS, r = �0.60, P = .087; control
subjects, r = 0.70, P = .037).

3.3. VBM analysis

For whole-brain VBM analysis, BMS patients had significantly
decreased GMV in the left mPFC and increased volume in the right
HC (Fig. 1, Table 2). BDI and STAI scores were not significantly corre-
lated with GMV in either of these brain regions in either group.
Within these Hc and mPFC clusters, GMV was not correlated with FA.

3.4. TBSS and tractography analysis

Whole-brain TBSS revealed no significant group differences in
FA. We next investigated the regional masks, and common tract
pathways for mPFC and Hc clusters identified in the VBM analysis
are shown in Table 3. Patients had significantly reduced AD
(t = �2.299, P = .035). Likewise, there were significant differences
in the Hc mask, with patients having increased FA (t = 2.298,
P = .035) and decreased AD (t = �2.906, P = .010), MD (t = �2.673,
P = .017), and RD (t = �2.162, P = .046). There were no significant
differences in mPFC DTI measures, and no significant correlation
between any DTI measure and BDI or STAI scores in either group.

3.5. Functional connectivity analysis

Fig. 2 shows the most strongly connected regions common to
both groups in a conjunction analysis for left mPFC and right Hc
seeds. Note that the mPFC seed map is similar to the DMN. For
the mPFC seed, within-subject comparisons revealed increased
connectivity to bilateral Hc/amygdala, bilateral occipital lobe, left
superior temporal gyrus (extending into left anterior insula cortex
(aINS)), left cuneus, and left anterior cingulate cortex (ACC) in the
afternoon compared to the morning (Fig. 2C, Table 2). In the region
of the right Hc/amygdala that was significantly more connected to
the left mPFC in patients in the afternoon compared to morning, the
difference in connectivity strength between morning and afternoon
sessions was positively correlated with STAI-T (r = 0.70, P = .035)
and STAI-S (morning, r = 0.77, P = .016; afternoon, r = 0.70, P =
.037), and BDI (r = 0.87, P = .001) (Fig. 3B). For the mPFC seed, com-
pared with healthy control subjects, patients in the afternoon had
stronger connectivity to right Hc and weaker connectivity to the
right primary somatosensory cortex (S1). Significant positive corre-
lations were observed between the degree of functional connectiv-
ity in the left mPFC to Hc/amygdala and BDI scores for patients and
control subjects pooled (r = 0.85, P = .004) (Fig. 3A).

For the right Hc seed, within-subject comparison revealed
decreased connectivity to bilateral S1, the left inferior temporal

gyrus, and the left dorsolateral prefrontal cortex (DLPFC) in the
afternoon compared to morning (Fig. 2C, Table 2). Compared with
healthy control subjects, BMS patients had increased functional
connectivity to the right pons, the left S1, the right primary motor
cortex (M1), the bilateral occipital lobe, the right cuneus, and the
right superior temporal gyrus. Connectivity between Hc and these
clusters was not correlated with BDI scores. There were no areas of
decreased functional connectivity between BMS patients and
healthy control subjects when the right Hc was the seed.

The models assessing the correlation between connectivity dif-
ferences (afternoon �morning) and burning intensity (after-
noon �morning) showed the following results: the mPFC seed
showed an increased connectivity correlation with increased burn-
ing to the left tectum and the right paracentral lobule; the HC seed
showed increased connectivity correlation with increased burning
to the left inferior temporal gyrus, the right mPFC, and the left
superior frontal gyrus and increased connectivity with decreased
burning to the right cerebellum and the left posterior parietal cor-
tex. These results are shown in Table 2.

4. Discussion

This study investigated cerebral reorganization associated with
burning mouth syndrome and how these changes are related to
depression, anxiety, and the ongoing burning state. Patients had
significantly increased GMV and decreased FA in the right Hc and
decreased GMV in the left mPFC. These structures also showed
altered functional connectivity between high and low ongoing
pain/burning states, and the differences were related to depression
scores; higher depression was associated with increased afternoon
connectivity between left mPFC and right Hc/amygdala. To date,

Table 3
Group differences in whole-brain white matter FA and non-FA diffusion tensor
imaging measures.

Control subjects Patients P value

Mean (mm2/s)* SD Mean (mm2/s)* SD

Whole brain
FA skeleton 0.44 0.02 0.43 0.02 .182
FA 0.24 0.01 0.23 0.01 .212
AD 10.8 0.25 10.8 0.13 .860
MD 7.04 0.27 7.12 0.18 .510
RD 5.16 0.29 5.26 0.24 .407

Medial prefrontal cortex mask
FA 0.35 0.05 0.33 0.04 .570
AD 9.59 0.69 9.35 0.59 .435
MD 7.05 0.47 7.04 0.51 .955
RD 5.78 0.48 5.81 0.51 .911

Medial prefrontal cortex tracts
FA 0.48 0.04 0.46 0.03 .195
AD 11.2 0.59 11.0 0.58 .524
MD 7.08 0.54 7.16 0.44 .730
RD 5.03 0.57 5.23 0.46 .429

Hippocampus mask
FA 0.46 0.02 0.44 0.02 .035
AD 12.0 0.51 12.5 0.12 .010
MD 7.60 0.39 7.99 0.25 .017
RD 5.39 0.36 5.72 0.57 .046

Hippocampus tracts
FA 0.51 0.02 0.49 0.02 .156
AD 11.9 0.29 12.2 0.12 .035
MD 7.34 0.31 7.57 0.14 .054
RD 5.05 0.33 5.26 0.21 .136

P values are calculated based on independent t tests. Significant values shown in
bold letters.
FA = fractional anisotropy; AD = axial diffusivity; MD = mean diffusivity; RD = radial
diffusivity.
* For AD, MD, and RD, values are �10�4.
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there has been only one other published fMRI study in BMS, which
focused on pain-evoked brain responses at a single time point, thus
not capturing the effects of ongoing pain/burning [2]. The current
study combined structural MRI, DTI tractography, and resting-state
functional connectivity to show central nervous system pathology
in BMS. Long-term effects of stress on the brain include dysregula-
tion of hypothalamic–pituitary–adrenal (HPA) systems, particu-
larly affecting the Hc, amygdala, and PFC [19]. Our findings
suggest that although ongoing pain in BMS does not directly influ-
ence anxiety and stress levels, it alters the long-term vulnerability
and plasticity in affective-motivational neural circuits.

The first finding of the study was altered GMV in Hc and mPFC
in BMS patients. Increased Hc GMV and decreased GMV in mPFC
has been reported previously in other chronic pain populations
[14,52], and these regions might be involved in affective aspects
of chronic pain [34,47,56] and in stress regulation and inhibition

[32]. The mPFC is involved in numerous cognitive and emotional
processes, reward memory, valuation, decision-making, and self-
referential thought [18,31,35,38,44]. Decreased mPFC GMV has
been reported in anxiety disorders [3], and mPFC function seems
to be important for intensity encoding in chronic pain and in the
progression from acute to chronic pain [6]. The Hc is involved in
spatial and contextual memory, and its normal function is vulner-
able to stress and spikes in stress hormones [36]. Although
decreased GMV in the Hc has been reported in posttraumatic stress
disorder [63], high-frequency migraine [34], and chronic stress
[12], increased GMV in the Hc has been reported in low-frequency
migraine [34] and irritable bowel syndrome [48]. Based on the cur-
rent findings that link altered Hc and mPFC structure and function
to depression levels, we suspect the structural differences in Hc
and mPFC in BMS patients are caused in part by symptoms of anx-
iety and depression related to ongoing burning pain.

Fig. 2. Resting state connectivity. (A, B) Conjunction maps illustrating the strongest connections in both burning mouth syndrome patients and control subjects. T-maps are
thresholded at 5 < t < 8, as shown in the color bar. (A) The seed is the Hc cluster identified in the VBM analysis. (B) The seed is the mPFC cluster identified in the VBM analysis.
This connectivity pattern is consistent with the default mode network. (C) Significant clusters between afternoon and morning in patients. Cyan clusters are from the Hc seed
analysis, where morning > afternoon. Magenta clusters are from the mPFC seed analysis, where afternoon > morning. DLPFC = dorsolateral prefrontal cortex; Hc/
amyg = hippocampus/amygdala; VBM = voxel-based morphometry; M1 = primary motor cortex, pACC = pregenual anterior cingulate cortex; PCC/precun = posterior cingulate
cortex/precuneus; S1 = primary somatosensory cortex; vmPFC = ventromedial prefrontal cortex; the x, y, and z values refer to MNI (Montreal Neurological Institute)
coordinates.
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The altered GMV and WM in the mPFC and Hc suggest that
these regions have altered functional connections to other brain
regions. The main mPFC connectivity pattern across patients and
control subjects was consistent with the DMN. We observed
enhanced mPFC (or DMN) functional connectivity to commonly
reported pain processing areas including aINS and ACC [4,16] in
the afternoon compared to the morning, consistent with increased
ongoing pain/burning. Furthermore, several studies have reported
increased connectivity between DMN and aINS in chronic pain
[8,33,41,54] that appears to be associated with evoked clinical pain
[33]. Our findings add to this literature by suggesting that the dif-
ference between patients and control subjects could be an effect of
ongoing pain, even without any manipulation to cause pain in the
patient. Furthermore, because mPFC activity has been associated
with vigilance [57], the increased connectivity between mPFC
and pain-related areas could also reflect exaggerated vigilance to
the burning state. This increased engagement of mPFC also could
lead to increased functional connections with other affect-related
brain regions, including the Hc/amygdala, as we observed. Thus,
structural differences observed in mPFC could be driven by the
daily heightened activity associated with ongoing burning pain.

Changes in mPFC connectivity are consistent with cognitive and
somatic manifestations of anxiety and depression symptoms [51].
Consistent with previous findings [23], patients in the current
study had increased depression scores compared with matched
healthy control subjects, and depression and anxiety scores were
highly correlated. Increased rsfMRI mPFC-Hc/amygdala connectiv-
ity within patients between burning states was related to depres-
sion and anxiety scores, suggesting that depression and anxiety
might explain substantial variance in pain-related brain dysfunc-
tion in BMS.

Another finding was that the Hc cluster that had significantly
more GMV in patients than control subjects showed significantly
less connectivity in the afternoon compared to the morning session
with temporal, somatosensory, motor, and left DLPFC regions. The
decreased connection to DLPFC suggests that ongoing pain might

disrupt a network associated with working memory and attention
[5,27]. The identification of aberrant left DLPFC connectivity is also
of interest in light of previous findings implicating abnormal acti-
vation of this region during cognitive task performance in chronic
low back pain patients, and the recovery of normal activity after
treatment [50].

Two notes on the functional neuroanatomy are worth making.
First, the region that we define as mPFC is adjacent to and partially
overlapping 3 potentially functionally distinct anatomical regions:
the pregenual ACC (pACC) posteriorly, the frontal pole anteriorly,
and the ventromedial PFC (vmPFC) ventrally [44,59,60]. Thus, the
mPFC regions we identified could be involved in multiple pro-
cesses, including those we mentioned earlier, and extending to
cognitive control and reward integration, emotion regulation, and
value appraisal. Second, there is some evidence that the human
hippocampus has functionally differential anterior and posterior
parts, with bilateral anterior Hc associated with state anxiety,
and bilateral posterior Hc with trait anxiety [42,45]. We found
structural (VBM and DTI) differences in posterior Hc, and func-
tional connectivity differences between mPFC and anterior Hc/
amygdala. Although we did not show correlations between GMV
or FA and anxiety in the posterior Hc cluster, anterior Hc-mPFC
connectivity was correlated with trait and state anxiety in patients.
We suggest that this fits the proposed model of anterior-posterior
Hc functional anatomy: posterior Hc is associated with trait or
long-term changes, and that is the region in which we identified
presumably long-term structural reorganization, whereas anterior
Hc is associated with state anxiety, and that is where we observed
functional changes occurring rapidly (daily) with a change in ongo-
ing burning state.

The model presented in this article—scanning and testing
patients during low and high pain states on the same day—could
have substantial potential in disentangling the effects of ongoing
pain, stress, depression, and anxiety, from the longer-term plastic
changes associated with the disease state of chronic pain. Here
we showed structural and functional changes associated with

Fig. 3. Functional connectivity between left mPFC to right Hc/amygdala is increased in BMS afternoon compared to control subjects and to BMS morning, and the difference in
connectivity is related to depression scores. (A) In comparison to control subjects, BMS patients in the afternoon had stronger connectivity between left mPFC (seed) and right
Hc/amygdala. Plot shows that the connectivity between left mPFC and right Hc was correlated with BDI scores in the whole sample (r = 0.84, P < .0001), and in patients alone
(r = 0.85, P = .004), but not in control subjects alone (r = 0.37, P = .167). (B) Within-subject change in functional connectivity (afternoon > morning) between left mPFC and
right Hc; the difference in left mPFC to right Hc connectivity between morning and afternoon sessions was negatively correlated with BDI scores (r = 0.87, P = .001). Note that
connectivity was also strongly correlated with State-Trait Anxiety Inventory state scores and State-Trait Anxiety Inventory trait scores in patients. The x, y, and z values refer
to MNI (Montreal Neurological Institute) coordinates. mPFC = medial prefrontal cortex; AG = amygdala; BMS = burning mouth syndrome; Hc = hippocampus; BDI = Beck
Depression Inventory; PM = afternoon; AM = morning.
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chronic pain and provided evidence of pain-associated reorganiza-
tional changes. Altered connectivity between mPFC and Hc possi-
bly plays a critical role in the development of chronicity in BMS
because mPFC–limbic connectivity has predicted transition from
subacute to chronic pain in low back pain [6]. Overall, our results
provide novel insights into the structural and functional brain
changes associated with BMS that might reflect specific aspects
of BMS symptomology, particularly ongoing pain/burning, stress,
anxiety, and depression.

We recognize some limitations in the study. The strict inclu-
sion/exclusion criteria for the present study gave us a very well
characterized sample with many common features of BMS symp-
tomatology, but also led to a limited sample size. We note that this
is a common issue in studies of BMS, likely owing in part to the
complexity and underdiagnosis of the disease, making recruitment
difficult. We also were unable to examine effects of age and sex
because of our restricted sample characteristics. Thus, our inter-
pretations of the findings could be limited to postmenopausal/per-
imenopausal women with BMS. Several of the statistical tests that
showed trends but did not reach statistical significance, such as
with whole-brain GMV, WMV, and skeletonized FA between
groups, also could have been the result of a small sample size.
Finally, although rsfMRI is a useful tool in identifying aberrant cir-
cuitry, it cannot tell us the causal relationship between regions or
whether there are other brain regions involved. Thus, our finding
concerning mPFC-Hc connectivity could potentially involve inter-
mediate brain regions that determine the temporal covariance of
activity in these areas.
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