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Amplified Brain Processing of Dentoalveolar  
Pressure Stimulus in Persistent Dentoalveolar  
Pain Disorder Patients

Aims: (1) To determine the brain regions activated by dentoalveolar pressure 
stimulation in persistent dentoalveolar pain disorder (PDAP) patients, and (2) to 
compare these activation patterns to those seen in pain-free control subjects. 
Methods: A total of 13 PDAP patients and 13 matched controls completed 
the study. Clinical pain characteristics and psychosocial data were collected. 
Dentoalveolar mechanical pain thresholds were determined with a custom-made 
device over the painful area for patients and were used as the stimulation level 
during functional magnetic resonance imaging (fMRI) data acquisition. Control 
subjects received two stimulation levels over matched locations during fMRI 
scanning: one determined (as above) that evoked equally subjective pain ratings 
matching those of patients (subjective-pain match) and another nonpainful 
stimulation level matching the average stimulus intensity provided to patients 
(stimulus-intensity match). Clinical and psychosocial data were analyzed using 
independent samples t tests, Mann-Whitney U test, and Spearman rank-order 
correlation coefficient. fMRI data were analyzed using validated neuroimaging 
software and tested using a general linear model. Results: PDAP patients 
had greater anxiety (P < .0001) and depression scores (P = .001), more jaw 
function impairment (P < .0001), and greater social impact (P < .0001) than 
controls. No significant differences were found for brain activation spatial extent 
(PDAP × Controls subjective pain: P = .48; PDAP × Controls stimulus intensity:  
P = .12). Brain activations were significantly increased for PDAP patients 
compared to control subjects when matched to stimulus intensity in several 
regions related to the sensory-discriminative and cognitive components of pain 
perception, including the primary and secondary somatosensory cortices, inferior 
parietal lobule, insula, premotor cortex, prefrontal cortex, and thalamus. When 
matched to subjective pain ratings, increased brain activations were still present 
for PDAP patients compared to controls, although to a lesser extent. Conclusion: 
The present results suggest that dentoalveolar pressure is processed differently 
in the brain of PDAP patients, and the increased activation in several brain 
areas is consistent with amplified pain processing. J Oral Facial Pain Headache 
2015;29:349–362. doi: 10.11607/ofph.1463
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Persistent pain in the dentoalveolar regions without evidence of lo-
cal pathologic and/or inflammatory processes has long puzzled 
health care providers.1–3 Previously known as phantom tooth pain4 

and atypical odontalgia,5 recent efforts to develop diagnostic criteria 
for persistent dentoalveolar pain disorder (PDAP)6 have suggested that 
this varied nomenclature likely referred to similar conditions that would 
fall within such criteria. PDAP is considered a diagnosis by exclusion7 
that has a significant impact on quality of life.8 PDAP is characterized 
by persistent, nonparoxysmal pain over a tooth or at a site formerly oc-
cupied by a tooth, and often affects middle-aged women more often 
than men.9,10 Current estimates are that 1.6% of patients who have un-
dergone root canal therapy fit the PDAP diagnostic criteria11 and that 
approximately 20 million endodontic procedures are performed in the 
United States annually.12 Since treatments for this condition are not ef-
fective,13 PDAP represents a significant clinical problem.
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Although the pathophysiology underlying PDAP 
remains largely unknown,11 peripheral nerve injury 
following dental procedures is the most commonly 
proposed mechanism.9,10 PDAP has been proposed 
by some to be a neuropathic-type pain10 or even a tri-
geminal variant of complex regional pain syndrome,13 
while others have suggested a psychogenic origin.10 
The clinical features of PDAP support a neuropathic 
pain classification,14–16 including reduced dentoalve-
olar mechanical pain thresholds17 and results from 
standardized quantitative sensory testing (QST).18 
Investigators have argued that PDAP is not solely 
due to persistent peripheral input,19 since sponta-
neous pain was only partially reduced following local 
anesthetic blocks over the affected intraoral site,20 
and that psychosocial factors may contribute to pain 
expression in PDAP.21 Although multiple factors may 
contribute to PDAP pathophysiology, ranging from 
peripheral nerve injury and sensitization to central 
neural plasticity, little is known about brain mecha-
nisms in PDAP and no neuroimaging studies have 
yet been reported.10 Neuroimaging methods pro-
vide the opportunity to probe anatomical, functional, 
and chemical brain characteristics of chronic pain 
patients.22

Evidence for pain amplification in the brain has 
been reported for chronic pain conditions such as 
fibromyalgia (FM)23 and idiopathic chronic low-back 
pain (CLBP),24 but not as yet for PDAP. Both FM and 
CLBP patients displayed more extensive patterns 
of brain activation following matching levels of me-
chanical stimulation than control subjects. In order 
to evoke comparable brain activation patterns, in-
creased stimulation levels were applied to the con-
trol group to match subjective pain ratings between 
them and FM and CLBP patients.23,24 Although 
PDAP pain is generally confined to dento alveolar re-
gions, unlike the widespread pain of FM, it is pos-
sible that they share common brain mechanisms of 
pain amplification. This rationale is supported by 
factors common to both conditions: (1) heteroge-
neous findings for potentially measurable disease 
markers, eg, QST; (2) comorbid mood disorders and 
somatization and other psychosocial problems; and  
(3) persistent pain. The aims of the present study were  
(1) to determine the brain regions activated by dento-
alveolar pressure stimulation in PDAP patients, and  
(2) to compare these activation patterns to those 
seen in pain-free control subjects. The study hypoth-
eses were: (1) brain activations in PDAP patients are 
greater in magnitude and spatial extent than control 
subjects following matching stimulus intensity levels, 
and (2) brain activation patterns are similar for pa-
tient and control groups following stimulation levels 
matched to subjective pain ratings. 

Materials and Methods

The University of Minnesota Institutional Review 
Board approved the study’s experimental protocol, 
and all subjects provided informed consent prior to 
their participation and received monetary compensa-
tion for participating in the study.

Subjects
PDAP patients were recruited from the University 
of Minnesota (UMN) Temporomandibular Disorders 
(TMD) and Orofacial Pain Clinic. Inclusion criteria 
were presence of intraoral pain that was localized 
in an endodontically treated tooth/teeth or in a site 
formerly occupied by a tooth/teeth (dentoalveo-
lar surrounding tissues); was present for more than 
6 months; was present for 8 hours or more with-
in a 24-hour period and 15 days or more a month; 
was nonparoxysmal in character; had no signs of 
gross pathology present during clinical examination 
or in available radiographic imaging,6 and was able 
to be provoked/increased by rubbing the affected 
area. Control subjects were recruited from the UMN 
community. The inclusion criterion for age-, sex-, 
and handedness-matched controls was absence of 
bodily pains in the previous 6 months (handedness 
determined from subjects’ self-reporting). Exclusion 
criteria for both groups were the presence of the 
following conditions, as determined by history and 
clinical examination: (1) tooth pathology, sinus infec-
tion, trigeminal neuralgia, herpes zoster; (2) history of 
destructive trigeminal nerve procedures or trauma- 
associated facial bone fractures within the trigemi-
nal nerve distribution; (3) pregnancy, planning preg-
nancy, or the potential of being pregnant; and (4) 
claustrophobia or any other magnetic resonance im-
aging (MRI)-related contraindication. Telephone or in- 
person screening was performed to assess subject 
eligibility, followed by a clinical evaluation to deter-
mine if they met the criteria. Thirteen PDAP patients 
and 13 matched controls completed the study.

Questionnaires
Five questionnaires were used to characterize the 
study’s subject sample. The short-form McGill Pain 
Questionnaire (SF-MPQ)25 provided information on 
the dimensions of clinical pain by adding each item’s 
score (0 = none, 1 = mild, 2 = moderate, 3 = se-
vere) on 11 sensory and 4 affective items, as well as 
the overall pain intensity according to a visual ana-
log scale (VAS) ranging from 0 to 100. Chronic pain 
severity was graded according to the classification 
given by the Graded Chronic Pain Scale (GCPS),26 
where grade 0 = no pain, grade I = low disability/
low intensity; grade II = low disability/high inten-
sity; grade III = high disability/moderately limiting;  
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and grade IV = high disability/severely limiting. 
Characteristic pain intensity (CPI) was determined by 
averaging the present pain and the worst and average 
pain in the past 6 months multiplied by 10. Anxiety 
and depression were assessed using the sum of 
scores for the respective subscales of the Hospital 
Anxiety and Depression Scale (HADS) with its four-
point Likert scale.27 In the eight-item version of the 
Jaw Functional Limitation Scale (JFLS-8),28 a 0 to 10 
numeric scale anchored by “no limitation” and “se-
vere limitation” is provided for each item; the scores 
were added to provide a global functional jaw lim-
itation score. Finally, a summary score for the social 
impact of oral disorders on the subjects’ well-being  
was derived from the 14-item Oral Health Impact 
Profile (OHIP-14)29 by summing each response score  
(never/don’t know = 0; hardly ever = 1; occasionally = 2;  
fairly often = 3; very often = 4).

Dentoalveolar Stimulus Device
An MRI-compatible device was used to deliver dento-
alveolar pressure stimulation.17 This mechanical device 
was manually controlled by an operator and delivered 
a range of nonpainful to painful pressure to the buccal 

dentoalveolar tissues and could be directed at all intra-
oral quadrants by an intraoral plastic probe (Fig 1 inset). 
Pressure intensity was determined by the number of  
1⁄8-inch (3.175 mm) elastic bands used in the linkage sup-
porting the intraoral probe (range: 1 to 8) (Fig 1a). The 
contacting surface area (“head”) of the intraoral probe 
was approximately 2 mm2, and its excursion length over 
the dentoalveolar tissues during stimulation was approx-
imately 5 to 7 mm. This design allowed threshold stimuli 
to be delivered without occluding blood flow or causing 
tissue injury. A bar with an individualized bite impression 
firmly attached to the supporting frame provided a biting 
surface for subjects (Figs 1a and 1b). A custom-made 
plastic lip and cheek retractor provided adequate ex-
posure of the dentoalveolar tissues of interest and al-
lowed the intraoral probe to touch only those tissues 
and not the labial commissure, lips, or internal mucosa 
of the cheeks (Fig 1c). The device was compatible for 
use in a dental chair (Fig 1d) and inside an MRI scan-
ner with adequate attachments for each setting.

Experimental Protocol
Initial visit. This visit consisted of explaining the ex-
perimental protocol to the subject, clinically evaluating, 

Fig 1 Stimulus device and dental chair-side use. (a) Top and (b) bot-
tom views of the stimulus device fully assembled, and closer view 
of the intraoral probe (inset); (c) custom-made lip and cheek retrac-
tor (d) Subject rating dentoalveolar stimulation using COVAS in the 
dental chair. (Figs 1a to 1c reproduced from Moana-Filho et al17 with 
permission from BioMed Central.)

a

c

b

d
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completing questionnaires, and establishing dento-
alveolar mechanical pain thresholds. A bite imprint 
over the device’s bar was made with silicone-based 
putty material (Express bite, 3M ESPE) and used to 
ensure the stimulus was provided to the same loca-
tion across visits. Stimulation with minimal pressure 
was performed while real-time pain ratings were col-
lected using a computerized pain scale (COVAS) 
(Medoc Ltd) of 0 to 10 (“no pain” and “worst imagin-
able pain” anchors, respectively) (Fig 1d). Stimulation 
in PDAP patients was done over the buccal gingiva of 
the pain site, and locations used for control subjects 
were matched to the same intraoral quadrant as for 
patients. Stimulation consisted of repeated excursions 
of the intraoral probe head over the buccal dentoalve-
olar tissues at a force level dictated by the number of  
1⁄8-inch elastic bands used in the linkage system (dy-
namic mechanical) at approximately 1 Hz frequency. 
The target subjective pain level was a rating of 3 to 
5 on the COVAS during 30 seconds of dynamic me-
chanical stimulation. The stimulation was repeated as 
needed, adjusting the number of elastic band(s) ac-
cordingly until the target pain level was reached. The 
number of elastic band(s) found to elicit the target pain 
rating was used during the neuroimaging session.

Neuroimaging visit. Subjects returned within 
5 to 7 days from the initial visit for the neuroimag-
ing session at the Center for Magnetic Resonance 
Research at the UMN. Explanation of the MRI scan-
ning session was given and its potential risks were 
discussed prior to imaging.

A 3-tesla Siemens Trio MRI scanner with a circu-
larly polarized radiofrequency transmit/receive head 
coil was used. The subject was placed in the MRI 
scanner bed and fitted with the stimulus device to 
reach the targeted dentoalveolar location. Subjects 
were instructed to bite lightly on the bite bar during 
image acquisition. The intraoral probe head was po-
sitioned about 1 mm away from the stimulation site. 
Each subject received 5 to 10 seconds of dentoal-
veolar stimulation to confirm the location and pres-
sure level prior to image acquisition were the same as 
those established during the initial visit for the PDAP 
patients and control subjects (subjective pain match). 
For controls only, an additional nonpainful stimula-
tion level was delivered using the average number of  
1⁄8-inch elastic bands found to elicit the target sub-
jective pain ratings in PDAP patients in the authors’ 
previous study,17 thus matching the stimulus intensity 
used for patients (stimulus intensity match).

T1-weighted magnetization prepared rapid gradi-
ent echo (MPRAGE) anatomical images (repetition 
time [TR] = 2,530 ms, echo time [TE] = 3.68 ms, 
flip angle = 7 degrees, 224 axial slices, matrix size = 
256 × 256, voxel size = 0.96 × 0.96 × 1 mm3) were 
acquired first. All functional runs were T2*-weighted 

echo-planar imaging sensitive to the blood oxygen-
ation level dependent (BOLD) signal (TR = 3,000 ms, 
TE = 30 ms, flip angle = 90 degrees, 36 axial slic-
es, interleaved acquisition, 70 volumes, matrix size =  
64 × 64, voxel size = 3 × 3 × 5.375 mm3). An oper-
ator inside the MRI scanner room manually triggered 
dentoalveolar dynamic mechanical stimulation in a 
blocked design fashion (30 seconds initial baseline, 
3 ON blocks of 30 seconds intermingled with 30 
seconds OFF blocks, total scan time for each func-
tional run = 210 seconds), as previously described.17 
Starting time for functional runs was signaled visually 
by an operator in the control room to the second op-
erator inside the magnet room, and timing of stimulus 
delivery was determined using a digital stopwatch by 
the latter. At the end of the imaging session, the sub-
ject was removed from the MRI scanner and a brief 
inspection of intraoral tissues took place. Four to 6 
functional runs were collected from PDAP patients, 
while controls had 8 to 12 functional runs, 4 to 6 
for each of the two stimulus levels provided to con-
trols (subjective-pain and stimulus-intensity match). 
Variation in the number of functional runs was due to 
limited scanner availability; however, the mean num-
ber of functional runs between PDAP patients and 
control subjects under the subjective pain match  
(independent samples t test, 2-tailed, P = .23) or 
stimulus-intensity match (P = .19) conditions were not 
significantly different. Image data from all functional 
runs for each subject were averaged before group 
analysis (see below).

Neuroimaging Data Processing and Analysis
Data processing and analysis were carried out us-
ing FEAT 6.00 and other tools part of the FMRIB’s 
(Functional MRI of the Brain) Software Library (FSL) 
5.0.5 software package30,31 (http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/). Non-brain structures were removed 
from anatomical images prior to processing. Visual 
inspection of functional images in cine mode was 
used to detect gross head movements (> 3 mm in 
any direction), as well as absolute (motion detected 
in volumes of each functional time series by using the 
middle volume as reference) and relative (reference 
volume is the next neighboring volume in the time 
series) motions as calculated by the “MCFLIRT” tool 
prior to correction. Preprocessing steps for functional 
data included discarding of the first three volumes to 
ensure that subsequent volumes had MRI signals at 
a longitudinal magnetization steady state, head mo-
tion correction, non-brain structures removal, spatial 
smoothing with a 5-mm full-width-at-half-maximum 
kernel, grand mean intensity normalization, and tem-
poral high-pass filtering (cutoff 60 seconds). Image 
registration for each subject was done in three stag-
es: (1) functional to anatomical images co-registration  
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using a boundary-based registration method; (2) nor-
malization of the anatomical image to the Montreal 
Neurological Institute (MNI) 152 brain at 1 mm3 reso-
lution using linear registration (FMRIB’s Linear Image 
Registration Tool [FLIRT]); and (3) refined normal-
ization using FMRIB’s Nonlinear Image Registration 
Tool (FNIRT) with a 10-mm warp resolution.

First-level analysis (functional run level) was car-
ried out using FMRIB’s Improved Linear Model (FILM) 
with local autocorrelation correction. Explanatory vari-
able (EV) for dentoalveolar pressure stimulation was 
modeled with a square waveform and convolved us-
ing a double-gamma hemodynamic response function 
(HRF), along with a separate temporal derivative EV of 
stimulation timing. Motion effects were removed using 
additional regressors of non-interest: (1) motion param-
eters derived from the preprocessing motion correc-
tion step and (2) volumes with excessive residual image 
intensity changes as identified jointly by two metrics, 
framewise displacement and the derivative of the 
root mean square variance over voxels.32 Importantly, 
this modeling of the HRF takes into account ongoing 
brain processes (cognitive, emotional, sensory, self- 
reflection, spontaneous pain in PDAP patients) and re-
moves them as nuisance regressors, thus being only 
sensitive to brain activations evoked by the dento-
alveolar mechanical stimulation. Second-level analysis 
(subject level) averaged all functional runs for each sub-
ject by using a fixed-effects model and prethreshold 
masking with the MNI 152 brain binary mask. Cluster-
based threshold correction for multiple comparisons 
was carried out with a z statistic threshold of 2.3 to de-
fine contiguous clusters and cluster probability thresh-
old (P value) of .05. Third-level analysis (group level) 
was done with both fixed- and mixed-effects models, 
also using the MNI 152 brain as a prethreshold binary 
mask and using a cluster-based threshold correction 
adopting a cluster threshold of z = 2.3 and P value  
< .01 and P value < .05 for between-group compari-
sons and for group mean activations, respectively.

The mean brain activation spatial extent was de-
termined from second-level analysis output and was 
defined as the total number of voxels contained with-
in clusters of activation for each subject. Mean brain 

activation spatial extent was compared between 
PDAP and control subjects for both subjective pain 
and stimulus intensity match conditions. Correlation 
analysis between brain activation spatial extent and 
clinical characteristics was done for PDAP patients 
only. Third-level analysis results included mean group 
activations for PDAP and control subjects for both 
conditions (subjective pain and stimulus intensity 
match) and also between-group comparisons. All 
between-group comparisons used contrast masking 
to restrict the comparisons to locations with positive 
mean group activation (z > 0). Thresholded z statistic 
maps were overlaid on the MNI 152 brain in order 
to determine anatomical location of brain activations 
using the “FSLview” display tool and its brain atlases 
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases). A whole-
brain approach was used for brain activations detec-
tion instead of a focused region of interest analysis, 
as there were no previous studies with PDAP pa-
tients that could support a prior hypothesis on which 
brain regions would be likely to be activated following 
dentoalveolar mechanical stimulation.

Statistical Analyses
Data sets were assessed for normality by using de-
scriptive statistics and the Kolmogorov-Smirnov sta-
tistic with Lilliefors significance correction. For those 
data sets fitting the assumptions of parametric tests, a  
t test for independent samples compared group dif-
ferences for PDAP and control subjects under sub-
jective pain and stimulus intensity match conditions. 
The Mann-Whitney U test for differences between 
independent groups and the Spearman rank-order 
correlation coefficient for correlations were used to 
assess nonparametric data sets. Pearson’s correla-
tion coefficient as a measure of effect size33 was 
used to quantify the magnitude of the observed 
brain activation spatial extent following dentoalveolar 
pressure stimulation. Results are reported as mean 
± standard deviation (SD) unless otherwise noted. 
Statistical tests were two-tailed and used a signifi-
cance level of P < .05, unless otherwise noted. All 
statistical procedures were done using the statistical 
software package PASW Statistics 18.0 (SPSS Inc).

Table 1 Summary Characteristics of Subjects

N
Mean age ± SD 

(y) Sex Handedness*

Dentoalveolar 
stimulus location 

(intraoral quadrant)

Number of 1⁄8-inch  
elastic bands used for  

stimulation (1-8); mean ± SD

Females Males Right Left
PDAP 13 54.7 ± 9.7 11 2 11 2 UR = 5; UL = 4 

LR = 3; LL = 1
2 ± 1

Controls 13 53.3 ± 10.6 11 2 12 1 UR = 6; UL = 4 
LR = 3; LL = 1

Subjective pain match = 7 ± 1 
Stimulus intensity match = 2 ± 0 

*Self-report. 
UR = upper right; UL = upper left; LR = lower right; LL = lower left.
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Results

Characteristics of Subjects
A total of 16 PDAP patients were recruited. However, 
two were excluded because their pain did not in-
crease after local stimulation (light rubbing with 
gloved fingertip) and no longer fit inclusion criteria, 
whereas one patient had extreme sensitivity in the 
affected area and could not tolerate even minimum 
pressure on the affected area. Of the 17 control sub-
jects assessed for eligibility, one was excluded for 
claustrophobia, one discontinued after the initial visit, 
one experienced hypersensitivity to the dentoalveolar 
stimulus and declined to continue, and for one neuro-
imaging data could not be retrieved for analysis.

Thirteen PDAP patients (mean age: 54.7 ± 9.7 
years; 11 females, 11 right-handed) and 13 age-, sex-, 
and handedness-matched control subjects (mean 
age: 53.3 ± 10.6 years, 11 females, 12 right-handed) 
completed the study (Table 1). Dentoalveolar stimulus 
location was matched across the groups. The mean 
number of 1⁄8-inch elastic bands used to stimulate 
PDAP patients was 2 (± 1), while control subjects in 
the subjective pain match condition had a mean of 7 
(± 1). All control subjects under the stimulus-intensity  
match condition were stimulated with two 1⁄8-inch 
elastic bands (Table 1). Three PDAP patients had a 
clinical diagnosis of TMD, and another patient report-
ed a previous diagnosis of migraine headache. No 
PDAP patient reported current widespread pain or a 

previous diagnosis of FM. No present or past comor-
bid pain conditions were reported for control subjects.

The data from the questionnaires are summarized 
in Table 2. Dentoalveolar pain duration for PDAP pa-
tients averaged 8 years (± 6.5), ranging from 0.6 to 
20 years. Patients had significantly higher scores in all 
questionnaires compared to control subjects (Table 
2), as shown by the SF-MPQ VAS mean score as 
well as by sensory and affective components scores. 
The CPI averaged 55.5 (± 25.6) for the PDAP group 
and 0.6 (± 1.9) for control subjects. Five PDAP pa-
tients were graded as “low disability/low intensity” 
pain (grade I) for chronic pain severity, four as “low 
disability/high intensity” (grade II), and two had a 
grade of “high disability/moderately limiting” (grade 
III). Scores for anxiety and depression (HADS) for 
PDAP patients were significantly different than those 
of control subjects. Global functional jaw limitation 
derived from JFLS-8 showed moderate limitation for 
PDAP patients and no limitation for control subjects. 
The social impact of oral disorders as measured by 
the OHIP-14 was moderate for PDAP subjects and 
minimal for control subjects.

Neuroimaging Data
The subjective-pain match condition included all 13 
control subjects and 13 PDAP patients, whereas 
there were only 12 control subjects for the stimu-
lus-intensity match condition since one control sub-
ject discontinued the study.

The mean absolute head motion was 0.19 mm 
(± 0.13) for PDAP patients and 0.14 mm (± 0.05) 
for control subjects in the subjective-pain match 
condition, whereas in the stimulus-intensity match 
it was 0.12 mm (± 0.06). There were no significant 
head-motion differences between PDAP and control 
subjects under either condition (independent sam-
ples t test, 2-tailed, .075 < P < .212).

Brain activation spatial extent included all voxels 
within clusters significantly activated as detected in 
the subject-level analysis. No significant differences  
were found between PDAP patients and control 
subjects for stimulus-intensity (P = .123) or sub-
jective-pain (P = .479) match conditions (Table 3). 
A moderate effect size was found for the former  
(r = –0.31), while the latter only showed a small effect 
size (r = –0.14). No significant correlations between 
spatial extent and clinical characteristics of PDAP 
patients were found.

Significant between-group brain activation differ-
ences between PDAP patients and control subjects 
in both match conditions were found using a fixed- 
effects model (Table 4). Under the stimulus-intensity 
match condition, PDAP patients had greater brain ac-
tivation in several brain regions compared to control 
subjects. Two major activation clusters were seen and 

Table 2  Pain and Functional Characteristics of 
Subjects

PDAP Controls P value†

McGill-SF
VAS (0–100)
Sensory (0–33)
Affective (0–12)

41.5 ± 21.2
8.7 ± 6.2
2.8 ± 3.4

0.3 ± 0.9*
0 ± 0*
0 ± 0*

< .0001
< .0001
< .0001

Dentoalveolar pain 
duration  
(years since onset)

8.0 ± 6.5 – –

GCPS 
CPI (0–100)

Chronic pain severity 
(Grade 0–IV)

55.5 ± 25.6**
III = 2
II = 4**
I = 5

0.6 ± 1.9*

0 = 12*

< .0001

–

HADS 
Anxiety (0–21)
Depression (0–21)

10.1 ± 5.3
5.5 ± 3.7

2.4 ± 1.4*
1.3 ± 1.1*

< .0001
.001

JFLS-8 
(0–80) 20.5 ± 14.1*** 0.1 ± 0.3* < .0001

OHIP-14 
(0–56) 25.7 ± 12.1** 2.2 ± 4.2 < .0001

Mean ± SD, except GCPS chronic pain severity.  
Missing respondents: *** = 3; ** = 2; * = 1. 
†Mann-Whitney U test, 2-tailed, Exact test. 
McGill-SF = short-form McGill pain questionnaire; JFLS = Jaw  
Functional Limitation Scale; GCPS = Graded Chronic Pain Scale;  
CPI = Characteristic Pain Intensity; HADS = Hospital Anxiety and 
Depression Scale; OHIP = Oral Health Impact Profile.
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included regions related to the sensory-discriminative 
aspect of pain processing (primary [SI] and second-
ary [SII] somatosensory cortices) and somatosensory 
integrative cortical areas (inferior parietal lobule [IPL]) 
bilaterally (Fig 2). Other cortical areas of activation 
that may be involved in pain perception included the 
insula and premotor cortex bilaterally (Fig 3), right 
middle frontal gyrus, frontal orbital cortex, and superi-
or parietal lobule; subcortical areas included the right 
thalamus, right cerebellum, and left caudate nucleus 
(Fig 3). Of interest, several areas showing significant 
differences between control subjects and PDAP pa-
tients under the stimulus-intensity match condition 
(SI, SII, IPL, premotor cortex, insula, thalamus) also 

displayed overlapping of group mean brain activations 
under the subjective-pain match condition (Figs 2 
and 3, yellow-colored locations highlighted by light-
blue circle). When matched to subjective pain ratings, 
PDAP patients also exhibited greater activation com-
pared to control subjects although in a less extensive 
region, which included SII, premotor cortex, insula, 
inferior frontal gyrus, and middle frontal gyrus—all 
on the right side—and the left frontal orbital cortex  
(Table 4). Control subjects had no brain regions with 
significantly greater activation relative to PDAP pa-
tients under the stimulus intensity or subjective-pain 
match conditions.

Table 3 Comparison of Extent of Brain Activation 

Unpaired P value*

PDAP  
(n = 13)

Control subjective-  
pain match  

(n = 13)

Control stimulus-  
intensity match  

(n = 12)

PDAP × Control  
subjective-pain 

match

PDAP × Control  
stimulus-intensity 

match
Median activation  
extent (voxels)†

20,841 15,176 7,442 .479 
(U = 70.5,  

z = –0.72, r = –0.14)

.123 
(U = 49.5,  

z = –1.553, r = –0.31)
*Mann-Whitney U test, 2-tailed, Exact test. 
†Voxel size = 1 mm3. 
z = U test statistic z-score; r = effect size estimate.

Table 4 Between-Group Brain Activation Comparisons

Brain region Side
Cluster size 

(voxels)*
Thresholded 
z-score (FE)

Unthresholded 
z-score (ME)

MNI coordinates (mm)
X Y Z

PDAP > Control stimulus-intensity match
Inferior parietal lobule Right 11,491 5.95 2.28 67 –26 26
SII Right – 5.52 2.11 65 –24 22
SI Right – 4.51 2.41 63 –13 32
SII Left 10,304 4.76 1.51 –65 –19 10
Inferior parietal lobule Left – 4.47 1.96 –61 –23 25
SI Left – 3.91 2.39 –57 –7 37
Premotor cortex Left – 2.99 2.04 –48 –6 57
Cerebellum Right 628 3.95 2.19 20 –66 –19
Insula Right 479 5.07 2.05 43 –3 –12
Thalamus Right 380 3.1 1.34 12 –16 9
Middle frontal gyrus (BA 9) Right 312 4.17 2.09 43 44 33
Middle frontal gyrus (BA 10) Right 305 3.87 2.67 43 52 19
Insula Left 291 4.04 2.75 –37 –5 –5
Caudate Left 211 3.68 2.20 –16 4 19
Frontal orbital cortex Left 177 3.69 2.40 –40 30 –7
Premotor cortex Right 114 3.38 1.27 47 –15 61
Superior parietal lobe Right 109 3.51 2.17 36 –44 45

PDAP > Control subjective–pain match
SII Right 11,621 4.19 1.87 47 –7 6
Premotor cortex Right 11,365 4.19 2.18 52 9 44
Inferior frontal gyrus (pars opercularis) Right – 3.81 1.80 51 22 26
Middle frontal gyrus (BA 9) Right 908 3.82 2.25 41 45 34
Insula Right 838 3.98 2.37 40 3 –8
Medial frontal gyrus (BA 8) Right 469 3.65 2.14 4 49 41
Middle frontal gyrus Right 248 4.05 3.70 51 39 16
Frontal orbital cortex Left 103 3.59 2.96 –38 30 –7

*Voxel size = 1 mm3. Reported only clusters with > 100 voxels. 
MNI = Montreal Neurological Institute; FE = fixed-effects; ME = mixed-effects; SI = primary somatosensory cortex;  
SII = secondary somatosensory cortex; BA = Brodmann area; 
Shadowed rows: maximum activation within the cluster. White rows: local maxima within the cluster listed above it.
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Fig 2 Brain activations (a, left-sided; 
b, right-sided) within major clusters 
found using a fixed-effects model. Mid-
dle column shows comparison between 
PDAP patients and controls under stim-
ulus-intensity match condition with 
the brain area with peak activity noted, 
followed by its z-score and MNI coor-
dinates (z-score; X, Y, Z). A light-blue 
circle shows the peak activity voxel cor-
responding to the reported z-score. IPL 
= inferior parietal lobule; SI = primary 
somatosensory cortex; SII = secondary 
somatosensory cortex; A = anterior; S = su-
perior; I = inferior; P = posterior; R = right;  
L = left. Red = PDAP; green = controls 
stimulus-intensity match; blue = controls 
subjective-pain match; yellow = overlap.

Mean activation: PDAP and  
Control subjective-pain match

Comparison: PDAP > Control 
stimulus-intensity match

Mean activation: PDAP and  
Control stimulus-intensity match

a

IPL

(4.47; −61, −23, 25)

(4.76; −65, −19, 10)

(3.91; −57, −7, 37)

SII

SI

Mean activation: PDAP and  
Control stimulus-intensity match

Comparison: PDAP > Control 
stimulus-intensity match

Mean activation: PDAP and  
Control subjective-pain match

b

IPL

(5.95; 67, −26, 26)

(5.52; 65, −24, 22)

(4.51; 63, −13, 32)

SII

SI
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Fig 3 Additional significant brain activa-
tions (a, left-sided; b, right-sided) found 
using a fixed-effects model. Middle col-
umn shows comparison between PDAP 
patients and controls under stimulus-in-
tensity match condition with the brain 
area with peak activity noted, followed by 
its z-score and MNI coordinates (z-score; 
X, Y, Z). A light-blue circle shows the peak 
activity voxel corresponding to the report-
ed z-score. PM = premotor cortex; Ins = 
insula, Thal = thalamus; Caud = Cau-
date nucleus. A = anterior; S = superior;  
I = inferior; P = posterior; R = right;  
L = left. Red = PDAP; green = controls 
stimulus-intensity match; blue = controls 
subjective-pain match; yellow = overlap.

Mean activation: PDAP and  
Control subjective-pain match

Comparison: PDAP > Control 
stimulus-intensity match

Mean activation: PDAP and  
Control stimulus-intensity match

a

PM

(2.99; −48, −6, 57)

(4.04; −37, −5, −5)

(3.68; −16, 4, 19)

Ins

Caud

Mean activation: PDAP and  
Control stimulus-intensity match

Comparison: PDAP > Control 
stimulus-intensity match

Mean activation: PDAP and  
Control subjective-pain match
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Fig 4 Mean group brain activations found using a mixed-effects model. 
Brain area activated is noted, followed by its z-score and MNI coordi-
nates (z-score; X, Y, Z). A light-blue circle shows the peak activity voxel 
corresponding to the reported z-score. IPL = inferior parietal lobule; Ins 
= insula; PM = premotor cortex; MF = middle frontal gyrus; SI = primary 
somatosensory cortex; SII = secondary somatosensory cortex. A = an-
terior; S = superior; I = inferior; P = posterior; R = right; L = left. Red = 
PDAP; blue = controls subjective-pain match; yellow = overlap.

Table 5 Group Mean Brain Activations (Mixed-Effects Model)

Brain region Side
Cluster size 

(voxels)*
Thresholded 

z-score MNI coordinates (mm)

PDAP > Control  
stimulus-intensity match 
unthresholded z-score

X Y Z
PDAP
Insula Left 28,972 4.38 –39 –3 –4 2.59
Inferior parietal lobule Left – 4.09 –57 –36 21 2.32
SI Left – 3.98 –64 –17 35 2.61
SII Left – 3.98 –51 –7 11 2.22
Insula Right 14,459 4.1 42 –8 12 2.54
Premotor cortex Right – 3.91 58 –6 43 2.82
Inferior parietal lobule Right – 3.74 52 –35 27 2.67
Middle frontal gyrus Right 6,735 3.69 38 15 61 2.74
Middle frontal gyrus (BA 9) Right – 3.58 41 44 35 2.45
Medial frontal gyrus (BA 6) Right – 3.46 46 6 44 2.23

Control subjective– pain match
Inferior parietal lobule Left 2,889 3.87 –48 –41 30 –

*Voxel size = 1 mm3. All clusters found reported. 
MNI = Montreal Neurological Institute; SI = primary somatosensory cortex; SII = secondary somatosensory cortex; BA = Brodmann area. 
Shaded rows: maximum activation within cluster. White rows: local maxima within the cluster listed above it.

IPL IPL

(3.74; 52, −35, 27) (4.09; −57, −36, 21)

(3.91; 58, −6, 43) (3.69; 38, 15, 61)

(4.1; 42, −8, 12) (4.38; −93, −3, −4)

(3.98; −64, −17, 35) (3.98; −51, −7, 11)

PM MF

Ins Ins

SI SII
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No significant group differences were found 
when a mixed-effects model was used; unthresh-
olded z scores from this analysis in the same MNI 
coordinates from the fixed-effects model results are 
shown in Table 4. Group mean activations using a 
mixed-effects model were found for PDAP patients 
and control subjects under the subjective-pain 
match condition (Table 5) but not for the stimulus- 
intensity match. Activations in the insula and IPL bilat-
erally, left SI, left SII, right premotor cortex, and right 
middle frontal gyrus were found for PDAP patients, 
while only the left IPL was found active for control 
subjects under the subjective-pain match condition 
(Fig 4).

Discussion

This study provides initial neuroimaging evidence 
in PDAP patients of amplified brain processing of 
dentoalveolar pressure stimulation. These results 
suggest that amplification of pain processing ob-
served in select brain centers may underlie PDAP 
pathophysiology.

Characteristics of Subjects
The case definition used for PDAP and the sample 
characteristics such as age and pain duration were 
similar to those of previous studies.15,16,19–21 One in-
clusion criterion used here that has not been well 
described previously is pain increase as a conse-
quence of local provocation of the affected area. 
This was anecdotally observed by clinicians within 
the UMN TMD and Orofacial Pain Clinic and in a 
previous study,17 with other groups concurring to 
this via questionnaire data34 or testing for dynamic 
mechanical allodynia,15 while others included local 
hyperesthesia in their criteria.35,36 PDAP patients 
showed moderate clinical pain, as identified by VAS 
and CPI scores, and significantly different senso-
ry and affective components compared to controls. 
Chronic pain severity was mostly within the “low- 
disability” range for cases, which corresponded to 
the moderate levels of PDAP continuous pain previ-
ously reported.21 Assessment of anxiety produced a 
score of “possible”27 for PDAP patients, but depres-
sion did not; however, both scores were significantly 
higher compared to those of control subjects. Jaw 
function limitation related to PDAP pain was signifi-
cantly higher than for control subjects, in agreement 
with previous findings.21 Perceived impact of PDAP 
pain on the individual’s well-being was moderate, 
as measured by OHIP-14, and researchers using 
different quality of life measurement instruments re-
ported similar findings.21

Brain Activations
The spatial extent of brain activation, ie, the total 
number of voxels within activation clusters, was not 
different for PDAP patients and control subjects 
under either match condition, although a moderate 
effect size difference was found under the stimulus- 
intensity match condition. Extraoral noxious heat 
stimulation in burning mouth syndrome (BMS) pa-
tients has revealed a reduced brain activation spatial 
extent for cases compared to control subjects, and 
this was attributed to diminished inhibitory controls 
of sensory input.37 It is possible that although shar-
ing similar neural pathways, PDAP and BMS recruit 
different supraspinal mechanisms. Alternatively, dif-
ferences in stimulus modality and location may have 
played a role, since PDAP patients received mechan-
ical stimulation directly over the affected painful site, 
whereas a heat stimulus was applied to a distant site 
from the affected area in BMS patients.37

These results support the primary hypothesis 
that brain activations following dentoalveolar pres-
sure stimulation are significantly greater in PDAP pa-
tients compared to control subjects when matched 
to the same stimulus intensity (evoking little to no 
pain). Contrary to the second hypothesis that brain 
activation patterns are similar for patient and control 
groups following stimulation levels matched to sub-
jective pain ratings, control subjects still had several 
brain areas with less activation than PDAP patients 
even when matched to subjective pain ratings. It is 
interesting that the brain regions with significant dif-
ferences between the two groups when matched to 
stimulus intensity corresponded to those found by 
Gracely and collaborators in FM patients.23 Thus, de-
spite major differences regarding the spatial extent 
of the pain in PDAP (localized) and FM (widespread), 
these two conditions may share similar brain mecha-
nisms of abnormal somatosensory processing of me-
chanical stimulation.

PDAP patients showed greater brain activations 
compared to control subjects in regions related to 
somatosensory processing38 (thalamus, SI, SII, pos-
terior parietal cortex, IPL) when matched to stimulus 
intensity. Other regions associated with nociceptive 
processing that displayed differences in activation 
between the two groups were the insula and the pre-
motor and prefrontal cortical areas. Each of these 
brain regions has been implicated in the sensory- 
discriminative or cognitive-attentional aspects of 
pain perception.39,40 Surprisingly, brain activation in 
the anterior cingulate cortex (ACC), an area typical-
ly associated with the affective component of pain 
among other functions, revealed no significant differ-
ences between PDAP patients and control subjects. 
This was unexpected, given the study’s findings of 
greater anxiety, moderate jaw function impairment,  
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and greater social impact of oral disorders in pa-
tients. In addition, these results, based on the ar-
eas of group brain activations for PDAP patients 
and control subjects under subjective-pain match 
using a mixed-effects model, support the notion of 
differential processing of sensory-discriminative and 
cognitive, but not affective, dentoalveolar noxious 
pressure signals in PDAP.

Neuroimaging provides a suitable, noninvasive 
approach to assess central neural processing in 
chronic pain patients that may aid in unraveling struc-
tural, functional, and biochemical brain changes as-
sociated with human chronic pain states.22,41 The 
clinical features of PDAP suggest that neuroimaging 
may provide new information that would otherwise be 
difficult to obtain. First, PDAP likely has both periph-
eral and central components, since peripheral input 
barrage is not sufficient to explain PDAP symptoms, 
given that local anesthesia provided only partial relief 
for PDAP spontaneous pain compared to placebo.20 
Second, somatosensory abnormalities consistent 
with central sensitization have been reported in 
PDAP,15–18 but the mechanisms related to those ab-
normalities are not fully understood. Third, anecdot-
al evidence from several PDAP patients seen at the 
UMN TMD and Orofacial Pain Clinic showed that the 
pain can spread from a localized dentoalveolar region 
to neighboring tooth/teeth and even to the opposite 
dentoalveolar arch over time. Thus, despite being a 
topic of clinical investigation for several decades 
with numerous techniques including thermography,42  
somatic and/or sympathetic blocks,20,43,44 psycholog-
ical questionnaires,21,45–49 psychophysics,47,48 blink 
reflex,50 topical and/or intravenous pharmacologic 
agents,19,51 and QST,15,16,18 the causal and perpetu-
ating mechanisms underlying PDAP remain elusive 
notwithstanding all the knowledge gained to date.

The results reported here bring a different per-
spective on the pathophysiology of PDAP. The 
most accepted theory by investigators in the field is  
deafferentation following procedures such as root ca-
nal treatment, tooth extraction, or other surgical proce-
dures.10 Although preclinical data in cats52,53 and rats54 
support functional alterations in trigeminal brainstem 
neurons following tooth pulp extirpation, evidence 
from primates, including humans, is lacking. Dental 
procedures preceding PDAP onset have been anec-
dotally described, with reported occurrence of 54%55 
up to 83%.21 By contrast, other studies have report-
ed that 24%55 to 64%56 of the patients with pain did 
not have a preceding dental procedure. The evidence 
of increased brain activation in areas associated with 
sensory-discriminative and cognitive aspects of pain 
processing (eg, thalamus, SI, SII, insula, prefrontal 
cortex) as well as an integrative cortical area related 
to somatosensation (IPL)38,57,58 support the hypoth-

esis of altered central neural mechanisms in PDAP 
pain. Although these findings cannot exclude periph-
eral factors, they provide initial evidence of dysregula-
tion of intraoral somatosensory stimulus processing in 
PDAP and thus warrant further investigation.

This study had some limitations. First, it was planned 
as an exploratory study with a limited sample size even 
though it is not far from sample sizes described in recent 
neuroimaging studies of orofacial pain conditions.59–61 
This may explain why differences in brain activation spa-
tial extent did not reach significance between PDAP pa-
tients and controls matched to stimulus intensity, as well 
as why only a fixed-effects model (within-subject vari-
ability) showed significant differences in brain activations 
between groups. Mixed-effects analysis results that use 
subject-to-subject variation (cross-subject variability) as 
a measure of variance were also reported, which allows 
inferences based on it to be extrapolated to the popula-
tion level.62 By reporting both fixed- and mixed-effects 
analyses’ results, it is expected that this will provide a 
comprehensive perspective of the results presented as 
well as their limitations. Second, a multiple-comparison 
correction method was used (cluster-based threshold-
ing) that is sensitive to activations and for activations 
across neighboring voxels; however, it lacks spatial 
specificity with large clusters63 that may have an impact 
on correctly identifying the specific activated brain re-
gions. Third, the threshold used to identify clusters of 
activation (P < .01) has been considered not as strin-
gent by some authors63; however, after repeating the 
fixed-effects analyses with the recommended threshold 
by those authors (P < .001), no major changes in the 
brain activations were detected. The threshold applied 
here was in agreement with the current standard used in 
many neuroimaging studies of P < .05 for cluster-based 
threshold.60,64–66 Finally, this study matched PDAP pa-
tients and control subjects on several aspects, including 
stimulus location. While this reduced the differences in 
dentoalveolar stimulation at the group level, it also re-
sulted in subjects within each group being stimulated 
in different intraoral quadrants. This prevented group 
comparisons of: (1) somatotopic features of dentoalveo-
lar stimulus; (2) laterality of brain activated areas; and (3) 
potential differential activity in trigemino-thalamo-cortical 
pathways. 

Conclusions

PDAP patients had greater brain activation in regions 
related to the sensory-discriminative and cognitive 
components of pain perception when stimulated with 
matched dentoalveolar pressure intensity applied to 
control subjects. When matched to subjective pain 
ratings, PDAP patients continued to display great-
er brain activations than control subjects, albeit the 
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activations were less extensive. Application of other 
stimulus modalities (eg, thermal), experimental inter-
ventions (eg, local anesthesia of the pain site), use of 
additional neuroimaging modalities (eg, resting state, 
diffusion weighted), as well as use of longitudinal 
study designs may further clarify pathophysiologic 
brain mechanisms underlying PDAP.
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